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Abstract

Ambient mass spectrometry (AMS) is a new and versatile method for
analysing a multitude of different sample types with the benefit of analysis at
ambient pressure and the many other advantages that this entails. However, as
these techniques are still in their infancy, metrological development of the
techniques is essential. This is a critical step before AMS can be used reliably
in the application areas in which it has shown great promise. The research in
this thesis addresses the development of AMS sources, in particular plasma-
assisted desorption-ionisation, PADI. Optimisation and characterisation is

fundamental to understanding and developing the technique.

Optimisation of PADI is addressed; this includes understanding the effects of
different parameters to maximise signal intensities. The power, and
temperature, of the plasma is shown to have a significant effect on the
fragmentation observed in the mass spectra. This is an important result that is
further explored with the use of thermal desorption to aid the analysis of low
volatility molecules. The form of the analyte is also an important consideration
for analysis by PADI; characteristic ions from powders are easily detected,
whereas for thin film samples an analyte vapour pressure of greater than
10 Pa is needed. This result provides an indication of the limitations of PADI
and what classes of analyte it will be successful at analysing. It is also shown
that we can improve signal intensities using a heated sample stage allowing the

analytes to be thermally desorbed before being ionised by the plasma. This is



an important result for future work, where ambient plasma sources can be
implemented as an ionisation source in conjunction with another mechanism,

such as thermal or laser desorption, to generate gas-phase ions.

A comparison of different ambient methods for personal care products shows
the usefulness and also complementarities of PADI with desorption
electrospray ionisation, DESI, one of the most established AMS techniques
which utilises a different mechanism for desorption and ionisation. This also
demonstrates the chemical information that can quickly be gained from these
techniques, with minimal sample preparation. DESI is also compared to
secondary ion mass spectrometry, SIMS. Vacuum-based techniques such as
SIMS are much more established than ambient techniques; it is insightful to
understand the advantages that each source can offer, for the analysis of
different types of molecule as well as the mass spectral information that can be

gained from SIMS and DESI.
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Chapter 1
Plasma sources for ambient surface mass

spectrometry

1.1 Ambient mass spectrometry

Ambient mass spectrometry (AMS) techniques are an exciting area in
analytical science, offering quick sample analysis at atmospheric pressure. A
subset of this diverse field, ambient plasma techniques, have taken off in the
last 7 years with several different variants emerging. Here, we examine the
range of these techniques, the research that is being undertaken to
fundamentally characterise and optimise them, as well as the wide range of

fields that they have so far been applied to.

Traditional surface mass spectrometry is dominated by matrix-assisted laser
desorption ionisation (MALDI) [1-4] and secondary ion mass spectrometry
(SIMS) [5, 6]. These techniques have been around for over 20 years but one of
their main limitations is that they are confined to vacuum. In 2004 the first
ambient mass spectrometry technique was developed, desorption electrospray
ionisation (DESI) [7]. This has become one of the most popular ambient
ionisation techniques with over 400 publications in 8 years and a commercial

source manufactured by Prosolia, Inc.. Since 2004 there has been an explosion
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in this new field with the development of many different sources [8]. The
second ambient technique developed in 2005, and the first that utilised a

plasma, was termed direct analysis in real time (DART) [9].

Although there are many, over 30, variants in the field, there have been
attempts [10] to categorise these techniques into three main sections based on
their desorption and ionisation processes: spray-based, laser-based and plasma-
based. There are other techniques that are not covered by these three categories

such as acoustic desorption methods.

Droplet

5
)
<

Figure 1.1. Flowergrams summarizing ambient desorption ionization methods.
(a) The techniques (Red) where ESI mechanisms (Yellow) are predominantly
responsible for ionization. Both laser and momentum desorption (Green) have
been demonstrated. (b) The methods where chemical ionization (Yellow) is
responsible for ionization. The chemical reagents are produced by various
methods (Green), such as photoionization (Pl), ion evaporation (IE) and

electrical discharge. Figure and caption reproduced from [11].

Ambient mass spectrometry techniques have many advantages especially for
surface analysis. The ability to analyse at atmospheric pressure enables

samples to be analysed with minimal or no preparation and the possibility
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exists for in vivo analysis. Quick sample introduction and analysis times lead to
the capability for high-throughput analysis. Many different substrates and types
of molecules can be analysed although the majority of AMS has been limited
to small molecule applications. Due to the versatility of the techniques they can
be coupled to current state-of-the-art mass spectrometers such as the

Orbitrap™ [12] as well as novel hand-held mass spectrometers [13].

As the majority of this thesis is concerned with the development of the
metrology for plasma-assisted desorption ionisation (PADI), this review
revolves around this source and other plasma sources used for ambient mass

spectrometry.

1.2 Plasma-based ambient mass spectrometry techniques

1.2.1 Introduction

Within the large domain of ambient mass spectrometry [10], plasma-based
desorption and ionisation techniques [14, 15] have developed as one of the
leading variants, with several different types of operation and source design.
Plasmas are attractive as an ambient mass spectrometry source due to the
absence of solvents and high voltages; although there are significant voltages
and gas supplies that need to be used. A more detailed description of the

generation and physics behind plasmas is given in Chapter 2.3.
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1.2.2 Types of plasma sources

The development of plasma sources for ambient mass spectrometry started
with direct analysis in real time, DART, in 2005 [9]. This was followed in
2006 by the development of a glow discharge confined within a cell at
atmospheric pressure [16]. The afterglow of this discharge was subsequently
used as an ionisation source for mass spectrometry [17], that was originally
termed flowing afterglow atmospheric pressure glow discharge, FA-APGD,
later shortened to flowing atmospheric-pressure afterglow, FAPA. The first
paper utilising a dielectric barrier discharge, DBD, for ambient mass
spectrometry was by Na [18] in 2007. In the same year, the first PADI paper
was published [19], followed in 2008 by the low temperature plasma probe,

LTP [20].

As with all ambient mass spectrometry techniques there are a multitude of
different acronyms for the plasma sources and this list is constantly growing.
However, these can be roughly divided due to their type of discharge, method
of generation and part of the plasma effluent they utilise. Table 1.1 summarises
the main plasma sources, and below a brief description is given for each

source.
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Table 1.1. Summary of atmospheric pressure plasmas used as mass

spectrometry sources.
Year of first
Technique Type of discharge Power supply publication
and reference
Corona to glow
DART . DC 2005 [9]
discharge
Dielectric barrier
DBDI ) AC 2007 [18]
discharge
FAPA Glow to arc discharge DC 2006 [17]
Dielectric barrier
LTP ) AC 2008 [20]
discharge
RF corona to glow
PADI . RF/AC 2007 [19]
discharge
MHCD Glow discharge DC 2010 [21]

Direct analysis in real time, DART

In DART, a DC high voltage power supply, with voltages in the kV range [9]

produces a corona-to-glow transitional discharge [22] between a needle and

perforated disk electrode. Figure 1.2 shows a cutaway view of the DART

source [9]. The plasma species are partially filtered by grid electrodes at the

exit of the source so that the cations, anions and electrons are removed leaving

only the metastables to interact with the sample. Typically helium is used as

the discharge gas, at a rate of around 3.5 litres per minute. The gas stream is

often heated, up to maximum of 550 °C, to assist in desorbing analytes as the

temperature of the gas prior to this heating is between 50 and 60 °C [22].
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Figure 1.2. Cutaway view of the direct analysis in real time, DART, source.

Figure and caption reproduced from [9].

Flowing atmospheric-pressure afterglow, FAPA

In FAPA, the glow-to-arc discharge (GD) is generated between a pin cathode
and plate anode using a DC high voltage power supply, with hundreds of volts
used. The ions, electrons and excited species generated by the GD exit the
chamber through a small hole. The gas from the FAPA plasma is hotter, around
235 °C [22], than that of other plasmas used for ambient mass spectrometry so
no additional heating of the gas is used. Other configurations of this plasma
source have been developed, such as a more sensitive pin-to-capillary
configuration [23], shown in Figure 1.3 (b), and the halo-FAPA [24], a source
consisting of two concentric electrodes forming a ring-shaped plasma through

which the sample can be passed.
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Figure 1.3. Diagram of (a) pin-to-plate FAPA configuration and (b) modified
pin-to-capillary FAPA. Figure and caption reproduced from [23].

Plasma-assisted desorption/ionisation, PADI

This technique uses a voltage at radio frequency (13.56 MHz) to generate a
plasma, again with helium as the discharge gas [19]. This produces a pink-
purple glow that can be seen in Figure 1.4 which directly interacts with the
sample. The design is based upon a plasma needle designed by Stoffels et al.
[25] and discussed in more detail in the next chapter. PADI is the subject of the
majority of the research in this thesis and is discussed in further detail in the

results chapters.
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Figure 1.4. Schematic of the PADI source and a photograph of the source in

operation analysing a tablet sample. Figure and caption reproduced from [19].
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Dielectric barrier discharge, DBD, and low temperature plasma, LTP

There are several different ambient plasma sources that utilise a DBD. The first
of these to be developed, termed dielectric barrier discharge ionisation DBDI
[18], used a high voltage (3.5 — 4.5 kV) AC circuit, with frequency 20.3 kHz.
The discharge electrode was a hollow stainless steel needle and the counter
electrode a copper sheet placed under the glass slide sample, which also acted

as the discharge barrier. Again, helium was used as the discharge gas.

Another variant that uses a DBD is the low temperature plasma, LTP, probe.
This also operates using an AC kilohertz voltage with a power consumption of
typically less than 2 W [20]. Generally helium is the preferred discharge gas
although argon, nitrogen and ambient air have also been successfully used [20].
As with PADI, the afterglow of the LTP directly interacts with the sample,

Figure 1.5 (b).
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Figure 1.5. (a) Low temperature plasma probe schematic and (b) photograph
of the plasma being used to sample compounds on a human finger. Figure and

caption reproduced from [20].



Chapter 1 Literature review

Alternative versions of the LTP have been constructed, such as a probe with a
pencil graphite as the central electrode [26], and a capillary source where the

sample flows through the plasma [27].

Microhollow cathode discharge, MHCD

Microhollow cathode discharges (MHCD) are currently the smallest plasmas
that have been developed for ambient mass spectrometry [21]. Here, a plasma
discharge hole of 200 pm wide was used but this dimension could be made
smaller. The drawback for this system is that the plasma sputters the electrodes
leading to device failure, and in this study the device failed after 10 hours of

use.

1.2.3 lonisation and desorption mechanisms

As discussed in the previous section, there are many different ways of
generating an atmospheric pressure plasma for use as an ionisation and/or
desorption source for mass spectrometry. How the plasma species then desorb

and ionise the sample is the topic of this section.

The desorption mechanisms for plasmas are thought to come from thermal,
momentum or sputtering processes [9], with thermal desorption being the main
process to liberate analytes from the surface into the gas phase [28].
Subsequent ionisation is thought to occur directly or indirectly from species

created in the discharge.



Chapter 1 Literature review

Although the majority of research into ionisation mechanisms has been carried
out with DART [9, 29, 30], it is not unrealistic to extend these findings to other
plasma sources. Different mechanisms are proposed for the formation of
positively and negatively charged ions. For positive ion formation with helium
used as the discharge gas, helium metastables leaving the plasma source
interact with gaseous atmospheric constituents and gas-phase analytes causing
Penning ionisation [31] that ultimately, if not initially, lead to transfer of
charge to the analyte. In Penning ionisation, a gas-phase excited-state atom or
molecule, in this case helium He’, interacts with a molecule M with lower
ionisation energy than He’, resulting in the formation of a radical molecular
cation M™, an electron e, as well as a neutral gas molecule, here He [9, 30].

He*+M —» M* + He+e~ (1.1)
Helium is most commonly used as the discharge gas in ambient plasmas due to
the properties of the metastables; their energy is high enough to ionise virtually
any molecule, and the non-radiative lifetime is of the order of several seconds
[17, 32]. The (2°S) excited electronic state of helium has an energy of 19.8 eV,
which is larger than the ionisation energy of most atmospheric gases, see
Figure 1.6, hence this excited state reacts with nitrogen, either from the
laboratory air or from impurities in the gas supply:

He*+ N, » Nf + He+ e~ (1.2)
The helium metastables also react with atmospheric water vapour to produce
water clusters following the reaction below:

He* + nH,0 - He + (H,0),_;H* + OH~ (1.3)

Charged water clusters can also be generated by energy transfer from excited

nitrogen species. These water clusters then lead to proton transfer to molecules

10
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if the molecule M has a higher proton affinity than the ionised water clusters
[33]:

(H,0),H* +M = [M + H]* + nH,0 (1.4)
The ionisation energy of water is 12.6 eV which is below that of helium [34],

as shown in Figure 1.6.

He'
24 + He*
First negative system
20 + —— He"
N,*(B2z*)
N,*(X2E+
? 16 1 LX) A
&
LI':.I 12 N,(C3IT*,) Water ionization level A
8 - -
N,(B°IT*g)
4 + Second positive system
N,(X'Z")

Figure 1.6. Partial term diagram for energy levels of He, Ar and N, as well as
the water ionisation threshold. The terms refer to the different ionisation states
of the nitrogen molecule with X'=*; being the ground state. He*, He™ and He
refer to the ionised, excited and metastable states of the noble gases. Figure and
caption reproduced from [35, 36].

The generation of negatively charged ions has been investigated much less than
the generation of positive ions. Thermal electrons generated from the collisions
between electrons and gas-phase molecules, are thought to undergo electron
capture by atmospheric oxygen generating O,", which then ionises analytes [9,
37, 38]:

O, + e - 03 (1.5)

0;4+ M > [M+0,]" > M~ + 0, (1.6)

11
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It is possible that other mechanisms of ion formation also occur: electron

capture dissociation, deprotonation and anion attachment [37].

1.2.4 Characterisation studies using optical emission

spectroscopy

Numerous studies have been carried out investigating the optical emission
spectra from ambient plasma sources. These measure not only the constituents
of the discharge but also their spatial location. Results from these studies help
to inform the ionisation reaction mechanisms discussed in the previous section,
most importantly the transfer of charge from helium to nitrogen and

subsequently to water clusters.

Optical emission spectroscopy studies of DBD [35, 36, 39-41], FAPA [16, 42],
LTP [28, 43, 44] and RF-generated atmospheric pressure glow discharge
(APGD) [35] plasma sources all detect the same characteristic ions from the
sources, namely, He, N," (first negative system), N, (second positive system)
and OH, the energies of these are shown in Figure 1.6. Atomic species, H and
O were also detected in a helium LTP [28, 43]. As well as identifying the
plasma constituents, these studies have localised them in and/or outside of the
plasma device, i.e. in the plasma or in the afterglow. It should be noted that all

the studies mentioned here utilised a helium discharge.

Emission spectra from DBD, RF-generated APGD and DART discharges show

the same ions detected for all the sources with only the relative intensities

12
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varying; He | emission lines are much greater for the RF and DART sources
compared to the DBD [35]. However, N," emission lines were dominant in all
three sources. This implies that the processes of excitation and energy transfer
are likely to be similar in all three sources. The emission from nitrogen species
comes from the collisional transfer of energy from excited He species to N,
impurities in the helium gas as well as the atmosphere [17, 45]. It is thought
that nitrogen excited state species quickly lose their energy through collisional
deactivation with water clusters as dominant background signals come from

water clusters that have formed from reactions with N,".

The distribution of species inside and outside an LTP probe showed that the
maximum emission for OH, He, O and H occurred inside the probe whereas N,
and N," were in the open atmosphere [43]. Further spatially resolved
measurements showed that the largest amount of He is at the very edge of the
torch [28], then decreased rapidly away before having a local maxima, as
shown in Figure 1.7. These local maxima are at the same geometric position, 2
to 5 mm depending on the flow rate, as the maxima of the N," species showing
that their processes of ionisation/excitation are likely to be linked. The
maximum for N, occurs at a greater distance from the end of the probe
compared to N,". It was initially thought that Penning ionisation was the only
mechanism for nitrogen excitation [43], but these later studies show that charge
transfer between the helium dimer ion He," and atmospheric nitrogen creating

N," also occurs, and the minimum contribution from this reaction is 30% [28].

13
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Figure 1.7. Schematic diagram showing the identified spatially dependent
reactions for the afterglow and reagent-ion formation in the LTP probe ambient

ionization source. Figure and caption reproduced from [28].

These spatially-resolved results are also similar for the DBD [41] and FAPA
sources [42], where optical emission spectroscopy measurements showed that
in the afterglow region the strongest emitting species are OH and N,", and also
that no emission from helium species was observed. Inside the APGD, high-
energy atomic helium lines, helium excimer He,", oxygen, nitrogen, NO, OH,

N, and N," were observed.

Nitrogen impurities in the helium gas supply used for DBDs are very
important. These decrease the breakdown voltage [46]. Computer modelling of
a DBD with different levels of nitrogen impurity show that the level of
impurity has a great effect on the charge particle densities [47]. Below 1 ppm

14
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nitrogen, He," ions dominate the positive charge. N," ions steadily increase in
density reaching a maximum at about 8 ppm and determining the positive
charge in the discharge until 10 ppm. From 17 to 600 ppm the positive charge
is dominated by nitrogen and in particular N4*. These results were calculated at
low pressures and it in envisaged that at atmospheric pressure the results would

change quantitatively but would still follow the same patterns.

Water vapour impurities in the gas supply are also thought to have an effect
and are the dominant source of OH emission, although an addition of <100
ppm of water vapour into the gas supply greatly reduced the emission signals

from all species [43].

1.2.5 Mass spectra of plasma sources

An insight into the plasma species and ionisation mechanisms can also be
gained from studying the background mass spectra from the plasma sources as
well as the molecular, fragment and adduct ions. Background spectra in the
positive ion mode from an LTP probe, Figure 1.8, includes protonated water
clusters (H,0),H", as well as NO*, O,", O3" [44]. These are similar to the
background spectrum from FAPA, whose dominant peak is the protonated
water dimer, (H,O),H" [17]. Larger water clusters as well as NO*, O," and
H,O" are also observed. In DART and MHCD, protonated ammonium NH," is

also detected [21, 30].
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Figure 1.8. Averaged positive ion background mass spectrum of the LTP
probe operated with a 6 kVp—p, 10 Hz square wave. Figure and caption

reproduced from [44].

The background mass spectrum can change dramatically with operating
conditions as is the case with DART; the relative abundance of the O, peak
and molecular ions varies when the distance between the ion source and
sampling orifice changes, or when excess moisture is eliminated and/or oxygen
is bled into the DART sample gap [30]. Introducing other reagents into the
ionising region can also change or enhance the mass spectra. An example of
this is when analysing cholesterol; using normal conditions a weak hydride
abstraction peak [M-H]" and a large dehydration peak [M+H-H,O]" are
observed; when fluorobenzene vapour is present or conditions to maximise

O,"" are used then a molecular ion is observed.
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The type of ions formed depends on the compound family. In general,
protonated molecular ions are observed for polar compounds whereas for non-
polar compounds, the non-protonated molecular ion is observed. This is true
for FAPA [17] as well as the LTP [48]. Although sometimes both M and
[M+H]" are observed, particularly when the compound is in a high
concentration [17]. Hydride abstraction producing [M-H]" ions is observed for
aliphatic compounds; chemical ionisation with NO™ is known to produce
hydride abstraction and oxidation [49]. The addition of water molecules, either

one or more, to the protonated molecular ion has also been detected [45].

In the negative ion mode, O;" is the most abundant background ion in DART,
with NO,™, CO3™, HCO3" and HCO, " also detected to a lesser extent [9, 38].
However, NOj™ is the most abundant background negative ion detected from
FAPA [23] and LTP [50]; very small amounts of NOj™ are detected in the
DART mass spectrum [38]. Explosives are the compounds most commonly
analysed in the negative ion mode with ambient plasma sources. This is
because they have high electron affinities that indicate that they will readily
form negative ions by electron capture [51]. These produce M’, [M-HJ,
[M-NOJ’, [M+NO;], [M+NOs], [M+CI] ions for the explosives PETN, RDX
and TNT using DBDI [52], DART [37], FAPA [23] and LTP [50, 53].
Although not many other applications use the negative ion mode, the mass

spectra are dominated by deprotonated species [54].

Fragmentation of molecules is sometimes also observed, e.g. in the analysis of

common gaseous solvents with mass >200 Da using FAPA [45]. The ratio of
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fragment to molecular ion has also been observed to change over time in the
analysis of amino acids using DBDI [18]; the molecular ion decreased and the
fragment ion increased with time. The “softness” of the different ambient
plasma sources, DART, FAPA and LTP, has been compared based on the

relative fragmentation for the analysis of methyl salicylate [55].

1.3 Characterisation of plasma sources

1.3.1 Optimisation

Before ambient plasma sources can be properly utilised as a reliable source for
different mass spectrometry applications, optimisation and characterisation of
the sources needs to be performed. Optimisation of plasma sources has mainly
focused around the power and discharge gas flow rate settings, as well as what
gas is used for the discharge gas. Generally, the samples used for optimisation
are pure analytes selected for a particular application, e.g. forensics or

homeland security.

The optimisation of parameters for LTP and DBDI have focused on the
analysis of explosives [53], drugs [56] and amino acids [18]. Discharge gas
type and flow rate have been investigated leading to an optimised setting of
250 ml/min for helium to achieve the maximum signal intensity for
[RDX+NO3]" [53]. For the [M+H]" ion of paracetamol 300 ml/min was
optimal [56]. Air, argon and helium have all been investigated for use as the

discharge gas in LTP and DBDI, with helium generally being the most
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favoured due to its high ionisation energy, and also achieves the best signal-to-
noise ratio [18]. However, for the microwave-induced plasma desorption
ionisation source, MIPDI, argon is the preferred discharge gas as the ignition of
a helium plasma requires a much higher power than helium and is also unstable

[57].

Using these studies as an example, the power settings of the LTP must be
carefully optimised for each application; when analysing RDX, similar mass
spectra were obtained for the power range 2.5 to 30 W [53], whereas for
paracetamol and amino acids signal intensities increased as the power was
increased [18, 56]. In these studies it was also noted that at higher powers the
sample surface was eroded. This has also been observed when analysing with
the APGD [58] where thermal degradation and charring to a tablet were

observed above 75 W, and also for the MIPDI source [57].

Increasing the discharge voltage, and hence the power, also increases the
surface temperature of the LTP [59]. As explained in the previous section,
thermal desorption is thought to be one of the principal desorption
mechanisms, therefore increasing the temperature is an advantage for analysing
less volatile molecules. This topic is explored in much more detail in Chapter
5. Using an array of LTP probes, up to 19 bundled together [60], the
temperature of the surface could be increased from 25 to 60 °C without
drastically increasing the discharge voltage. This array of probes is also able to
increase the plasma footprint hence increasing the sampling area, an advantage

for some applications.
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1.3.2 Methods to enhance analysis

As with any developing technique, modifications and improvements to the
original design are continuously being carried out. Here are detailed some of

these improvements in source design that improve sensitivity and repeatability.

One of the methods that has been used to greatly improve the sensitivity is
heating of the sample. This has been demonstrated for DBD [35, 61], and for
many studies using LTP for the analysis of explosives, drugs and crude oil, [53,
62-65]. This lowers the limit of detection by an order of magnitude. As
discussed in section 1.2.3, thermal desorption is a necessary step especially for

non-volatile compounds.

However, sometimes it is advantageous to cool the sample to either reduce
damage, for delicate samples such as art works [66], or to reduce the
evaporation, for the analysis of volatile compounds [67]. In the first example,
the temperature was controlled by adjusting the temperature of the discharge
gas and cooled to -30 °C by using liquid nitrogen to cool the helium gas. A
different method was employed in the second example; a Peltier cooling stage

was employed to increase the persistence of the sample on the substrate.

There has been little development of the LTP source itself since its first use for
ambient mass spectrometry; exceptions to this include the bundling of several,
7 or 19, LTP probes together [60]. This increased the sampling area without

increasing the surface temperature or helium flow rate. Another modification to
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the LTP replaced the central electrode with pencil graphite [26]. This source is
able to be used in two different grounding configurations; either the ground
plate is placed under the discharge or a ground electrode is placed around the
discharge tube. Different levels of fragmentation were observed from the two
configurations when analysing volatile organic compounds, VOCs; the first

mode produced molecular ions while the second produced fragments.

It is clear that further improvements to the sources can be carried out to
improve repeatability, spatial resolution, and to enable the analysis of different

compounds.

1.3.3 Two-step combined laser and plasma sources

Two-step ambient desorption/ionisation sources combining laser-based
desorption/ablation are also growing in popularity alongside single-step
sources. The laser is used to ablate or desorb material from the surface which
produces a plume that merges with the electrospray or plasma beam, and hence
the desorption and ionisation processes are separated. The first of these sources
developed used an electrospray source for post-ionisation; electrospray-assisted
laser desorption/ionisation (ELDI) [68] which uses a 337 nm pulsed nitrogen
laser, and laser ablation electrospray ionisation (LAESI) [69] which uses a
mid-IR laser. Plasmas have also been used for the post-ionisation step. One of
the main advantages of these techniques is the ability to ablate smaller spots
than would be possible with single-step sources, therefore opening up

possibilities for mass spectrometry imaging with improved spatial resolution.
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Several groups have reported the coupling of DART with laser systems. These
have used IR lasers for pharmaceutical tablet analysis [70], visible lasers (532
nm) for the analysis of metallic samples [71], and a multiwavelength laser
operating in the IR, visible and UV (1064, 532 and 355 nm) [72, 73]. A
simplified version of this latter source using only one wavelength, 532 nm, has

also been used for mass spectrometry imaging [74].

Plasma-assisted multiwavelength laser desorption ionisation (PAMLDI), has
also been combined with thin layer chromatography (TLC) plate analysis [72]
and graphite-coated paper has been used as the substrate [73]. Like traditional
DART, it was necessary to heat the metastable stream to obtain good signal
intensities and sensitivity; a temperature of greater than 300 °C was needed to
detect the compounds studied. The heating increased the internal energy of the
metastable helium ions but did not cause thermal desorption of the analyte.
Also no analyte ions were observed when the laser was switched off therefore
the authors propose that photoionization dominates the desorption process. UV
or visible lasers were found to be optimal for the molecules tested: dyes, drug

standards and tea leaf extracts.

Other ambient plasmas that have been coupled with laser desorption include a
DBD source combined with a near-IR diode laser [75]. This greatly enhanced
the detection of low vapour pressure pesticides, pharmaceuticals and
explosives, showing that the use of laser desorption not only improves spatial
resolution but also sensitivity. Another DBD source coupled with laser

desorption uses a different configuration whereby the ablated species flow
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through an active capillary that serves as both an ionisation source as well as
the inlet to the mass spectrometer [27, 76]. For the detection of volatile solid
samples laser ablation was not necessary, however, with laser ablation

detection of non-volatile samples was possible [27].

1.4 Application areas

This thesis is mainly concerned with the metrological development of ambient
mass spectrometry sources; however, as with any new and emerging technique
the requirement to show its usefulness and applicability is paramount. Hence a
large amount of the papers published on plasma AMS have concentrated
around showing its capability to analyse a wide variety of samples, in
comparison to the amount of papers discussing the fundamental mechanisms of
these sources. The analysis of pharmaceuticals and drugs of abuse by plasma
AMS is one of the largest application areas and has been carried out using
different plasma sources. Explosives analysis has also been shown to be
another successful application area. However, there have been limited
publications on the use of ambient plasma sources to analyse biological
samples. As might be expected, due to the DART source being commercially
available, it is the most frequently used ambient plasma source; however, only
homemade plasma sources are discussed in this section. A brief summary on

different application areas is given below and summarised in Table 1.2.
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Table 1.2. A summary of application areas successfully demonstrated by

ambient plasma mass spectrometry and some example publications.

Application area Molecule/Matrix Technique References
) Fragrances LTP [67]
Volatiles
VOCs LTP [77]
Drugs of abuse APGD [58]
Ibuprofen, loratidine,
acetaminophen, and cocaine Microplasma [21]
Pharmaceuticals from banknotes
and drugs of abuse Including hormone and
cardiovascular drugs, and drugs LTP [56, 62]
of abuse
) o PADI,
Paracetamol, ibuprofen, aspirin ] [19, 78]
micro-PADI
. LTP [50, 53]
Explosives RDX, PETN, TNT
DBD [52]
PEG, PET, Nylon, plasticisers FA-APGD [79]
Polymers i
PTFE Micro-PADI [78]
On fruit peel and extracts LTP [80, 81]
Agrochemicals In fruit juice and fruit peel APGD [82]
Agrochemical standards DCBI [83]
Coffee beans LTP [59]
Melamine in milk LTP [65, 84]
Foodstuff
Garlic, onion PADI [19]
Fatty acids in olive oil LTP [54]
Micronutrients PPAMS [85]
) ] Amino acids DBDI [18]
Bioanalysis i i
Bacteria- fatty acid ethyl esters LTP [86]
Fatty acid ethyl esters LTP [87]
Chemical reaction monitoring LTP [88-91]
Crude oil LTP [63]
Others _
Lithium ion battery electrolytes LTP [92]
Inks in artworks LTP [66]
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There are some limitations to what can be successfully analysed by plasma
sources, the most significant being the limited mass range with no analytes
generally detected above 1000 Da, and also slightly coupled to this, the
inability to analyse (large) biomolecules. An example of this is in the analysis
of bacteria using LTP [86]; fatty acid ethyl esters were detected between m/z
200 to 300, but no fatty acids, phospholipids or lipopeptides were detected, in

contrast to DESI which was able to detect these.

The molecular classes that can be successfully analysed have been surveyed in
an investigation comparing the relative ionisation efficiencies for a large group
of compound families using LTP, electrospray ionisation (ESI) and
atmospheric pressure chemical ionisation (APCI) [48]. The LTP ionises
nonpolar and polar compounds with low molecular weight such as amines,
amides and imides very successfully. Aldehydes and polycyclic aromatic
hydrocarbons (PAHSs) could be ionised to a moderate extent. However, ionic
species such as ammonium chloride salts were not detected. It is not certain if

this is due to their non-volatility or other molecular properties.

Matrix effects

One of the advantages of ambient mass spectrometry is the ability to directly
analyse samples in their native state with minimal or no sample preparation.
However, as no separation technique is required, other issues are encountered.
These include more complex mass spectra as well as matrix effects and ion
suppression. Examples of molecules analysed in complex matrices include

drugs in biofluids (saliva, urine and hair) [62], agrochemicals on fruit [80],
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explosives in hand creams [50] and micronutrients in blood plasma [85]. lon
suppression was observed for drugs analysed in urine with the limit of
detection increased by 1 to 2 orders of magnitude [62]. As well as detecting
from complex matrices, ambient mass spectrometry can also detect analytes
from different substrates, such as glass, PTFE, polyethylene, cloth, copper foil,

filter paper and TLC plates [18, 45, 50].

Sensitivity and quantitation

Limits of detection (LODs) have been determined for various applications, and
have a large range, from nanograms to femtograms, depending on the molecule
and application. For explosives, LODs between 0.5 - 1 pg [53] and 1.5 - 400 pg
[50] have been recorded. These LODs were improved when the sample was
heated to 120 °C reducing to 0.45 — 90 pg [50]. The LOD of pure agrochemical
standards analysed by LTP [80] were also improved when using a heated
substrate with LODs of 0.3 — 45 pg achieved; for a desorption corona beam
ionisation (DCBI) source agrochemicals with concentrations as low as 1 — 10
ng were detected [83]. For pharmaceuticals, ibuprofen, loratidine,
acetaminophen, and cocaine, LODs in the range 0.4 — 14.3 ng/ml were
acquired using a microplasma device [21]; whereas for the LTP, the detection
limit was between 0.5 and 1000 ng/ml [62] dependent on the drug. For volatile
and semi-volatile fragrances analysed using LTP [67], LODs in the pg range
were achieved. This study also used a cooling stage, set to 10 °C, to increase

the persistence of these high volatility molecules on the substrate.
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Quantitative analysis using ambient plasma sources has been carried out,
although there are limited studies, and these are considered to be semi-
quantitative. Poor repeatability and reproducibility is one of the main
limitations; analyses of drugs and agrochemicals using LTP have reported
repeatabilities ranging from 4.3 to 43% [62] and 10 — 30% [80] respectively.
However, better repeatability using LTP has been reported for the analysis of
melamine, with repeatabilities of 5 — 10 % reported [65], and for the analysis
of L-alanine using DBDI a repeatability of 5.8% was reported [18]. The
repeatability for quantitative analysis using FAPA has also been improved by
introducing a new sample introduction system: drop-on-demand sampling for
analysing small amounts of liquid samples [93]. This has improved the
repeatability from 35 to 8%. Linear dynamic ranges between 2-3 orders of
magnitude have been reported for DBDI [94], LTP [62, 65, 67, 80, 84] and
FAPA [45] analysis. The use of internal standards is one method to improve
the reproducibility for quantitative measurements and has been used in the
analysis of volatile fragrances (6-damascone) using LTP [67]. The use of room
temperature ionic liquids (RTILs) acting as a matrix-assisted DCBI analysis
greatly increased the repeatability for the quantitative analysis of small
molecules including pharmaceuticals and pesticides [95], improving the RSD
from 14.3% to 2.8%. Previous analysis of pesticides using DCBI had poorer

repeatability with relative standard deviations between 20 and 30% [83].
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Rapid throughput

One of the major advantages of ion sources operating at atmospheric pressure
Is the ability to rapidly analyse many samples. This advantage makes it a very
promising technique for on-line analysis in production lines and for quick
quality control checks [96]. High throughput analysis has been exemplified in
several publications, such as the rapid screening of pharmaceuticals using LTP
[56]. For each tablet only 3 seconds of analysis time was required to get
sufficient information about the active ingredient, with 18 samples analysed in
1.9 minutes. However, the time of analysis varies, with 8 samples of
contaminated milk powder analysed in 3 minutes, taking 25 seconds per
sample [65], and analysis using SRM mode able to identify four semi-volatile
compounds within 38 seconds [67]. As well as analysing individual samples,
real-time one and two-step organic reactions occurring in less than a minute
can also be monitored [89]. To enable greater use of high throughput, an
automated sample introduction system is required as sample exchange is often
the limiting step. Complex sample geometries will be more difficult to analyse

with added uncertainty in their measurements.

Imaging using plasma AMS

As with all surface mass spectrometry techniques, the ability to image the
surface is of utmost interest. There have been very few publications concerning
mass spectrometry imaging using ambient plasma sources. This is in contrast to
DESI where over 100 articles have been published showing the technique’s
imaging capabilities, especially concerning biological tissue. However, partly

due to the limitation in the desorption footprint and the effect of the plasma on
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the surrounding area, and partly due to the types of sample commonly analysed
by plasma sources, there has not been much focus on the development of
plasma sources for imaging. Currently, there are 7 reported publications using
plasmas for imaging applications. These include the LTP source for imaging of
works of art [66], fragrances [67] and arrays [60], and a micro-plasma used to

image polymers and cardamom seeds, Figure 1.9, with a resolution of 147 pm

[97].

Figure 1.9. (a) An optical image of two halves of different cardamom seeds.
(b) Positive ion MS image of the seeds shown in (a) using the variation in
intensity (counts) of the ion at m/z 81, displayed by the scale bar on the right

hand side. Figure and caption reproduced from [97].

One of the ways to achieve better spatial resolution from plasma sources is to
couple them with laser ablation and use the plasma as a post-ionisation source.
A multiwavelength laser was coupled to a DART source, and subsequently
termed PALDI (plasma assisted laser desorption ionisation), for the analysis of
Radix Scutellariae (mint root) and inks where 60 pum spatial resolution was
achieved [74]. Laser ablation using a UV laser has also been used in
conjunction with FAPA [98] for imaging as well as depth profiling
applications. A spatial resolution of better than 20 um was reported for the
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imaging of printed lines of caffeine-doped ink. This is the best resolution
reported using an ambient plasma source with or without an extra
desorption/ablation step. However the best achieved vertical and horizontal
spatial resolutions differ due to limitations in the scan speed and spacing of the

scan lines.

An indirect method of imaging using DART has also been developed which
allows for the imaging of non-planar surfaces. This uses a robotic sampling
probe to obtain a small amount of analyte on an acupuncture needle which is
then inserted into the ionising gas stream of the DART source [99]. By
acquiring analyte from different places on the sample a chemical image can be
built up, with the resolution limited by the precision of the robotic sampling

arm, in this case 3 mm.

Mini mass spectrometers

One of the great advantages of not requiring a vacuum for ambient mass
spectrometry sources is that they can be coupled to many types of mass
spectrometer including mini mass spectrometers [100]. Ambient plasma
sources have been particularly suited to these mini mass spectrometers due to
their small size, robust geometry as well as low gas flow rates and power
consumption. This has been recently exemplified by a handheld LTP ionisation
source with a small helium cylinder integrated into it, reaching ng detection
limits for some pesticides [101], and a fully portable backpack mass
spectrometer with a handheld LTP system [102]. Obviously, mini mass

spectrometers do not have the same capabilities as bench-top instruments,
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however limitations in mass resolution and detection limits can be partly
overcome by using tandem MS. This technology would be most useful for in-
field analysis of explosives, drugs and foodstuffs; in situ analysis of melamine
in milk [84], agrochemicals on fruit [81], drugs of abuse [102] and explosives

[101, 102] has already been demonstrated using this system.

1.5 Summary

Many aspects of ambient plasma techniques used in mass spectrometry have
been outlined in this review of the literature. These sources offer many
advantages such as minimal or no sample preparation meaning any shape or
size sample can be analysed, rapid analysis times enabling high throughput,
and coupling to mini MS for field work. However, as shown in this review,
these sources are still in the early stages of development and characterisation.
In particular, the limitations to the types of molecule that can be analysed need
to be investigated, as well as optimisation and developing the techniques to
give more repeatable measurements. Studies on these issues are presented in

this thesis.

The main aims of this thesis are:
e To develop the metrology for plasma-assisted desorption ionisation,
including optimisation of the technique and methods to enhance

analysis.
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To demonstrate some of the diverse application areas where ambient
mass spectrometry can be used: from the analysis of polymers to
personal care products.

To compare different ambient mass spectrometry techniques,
specifically DESI and PADI, with more established vacuum MS

techniques such as SIMS.
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Chapter 2

Methods

2.1 Introduction

The background review in Chapter 1 gave an overview of the current state of
the art in ambient mass spectrometry. This chapter details some of the
fundamentals behind the techniques and instruments used in this thesis; the
different mass analysers used, the physics behind atmospheric pressure plasma

devices, and a brief overview of desorption electrospray ionisation.

2.2 Mass spectrometers

Mass spectrometers use either dynamic or static electric and/or magnetic fields
to separate ions dependent on their mass to charge ratio [103]. Several different
types of mass analyser have been developed. To increase the performance and
overcome the weaknesses of individual mass analysers, mass spectrometers
often combine several mass analysers. These include the combination of linear
ion trap and Orbitrap™, quadrupole/TOF and triple quadrupole. Below
descriptions are given of the mass analysers used in the work in this thesis: ion
traps including the Orbitrap™, time-of-flight (TOF) and quadrupole analysers,

as well as the combination of more than one type of analyser (hybrid MS).
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However not discussed here are magnetic and electromagnetic analysers and

Fourier transform ion cyclotron resonance (FT-ICR).

2.2.1 lon trap analysers

lon traps use oscillating electric fields to trap ions in two or three dimensions;
the 2D, or linear, ion trap and the 3D ion trap. The 3D ion trap was developed
first, and comprises a circular electrode with two ellipsoid caps on the top and

bottom that creates a 3D quadrupolar field.

2.2.1.1 The 2D (linear) ion trap

In the 2D ion trap, a four rod quadrupole ending in lenses that reflect the ions
forward and backwards is used to trap ions. lons are confined radially by a
quadrupolar field and axially by an electric field applied to the end electrodes.
Linear ion traps have several advantages over 3D quadrupole ion traps; firstly,
a 10-fold higher ion trapping capacity and an ability to contain many more ions
before space charging effects occur, and secondly, a higher trapping efficiency.
lons can be ejected along the axis of the trap, using fringe field effects by
applying AC voltages between the rods and the exit lens [104]. Radial ejection
of ions between the rods can also be implemented perpendicular to the axis of
the trap. 2D ion trap mass analysers can be used as stand-alone mass
spectrometers as well as being coupled to other mass analysers such as the

Orbitrap™,
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2.2.1.2 The Orbitrap™ mass analyser

The Orbitrap™ mass analyser is the most recent innovation in mass
spectrometry [105], with the first commercial instrument made in 2005. The
design is based on the Kingdon trap developed in the 1920s [106]; however it
took many years to discover how to get ions into the trap. The Orbitrap™ also
has quite a few features in common with FT-ICR MS; ions are trapped in
ultrahigh vacuum to ensure very long mean free paths, and the ions are
detected based on their image current and FT data processing while they are
moving at significant velocities due to their high kinetic energies. The
Orbitrap™ is different from other ion traps as it does not use RF or magnetic
fields; instead it is an electrostatic trap. It consists of two electrodes- a central
spindle shaped electrode and a barrel shaped outer electrode, as shown in
Figure 2.1. The physical size of the Orbitrap™ is small; the maximum diameter
of the outer electrode is 30 mm. In a newer improved version, the high-field

Orbitrap™, this size is decreased to 20 mm [107, 108].
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Figure 2.1. Cutaway view of the Orbitrap™ mass analyser. lons are injected
into the Orbitrap™ at the point indicated by the red arrow. The ions are
injected with a velocity perpendicular to the long axis of the Orbitrap™ (the z-
axis). Injection at a point displaced from z = 0 gives the ions potential energy
in the z-direction. lon injection at this point on the z-potential is analogous to
pulling back a pendulum bob and then releasing it to oscillate. Figure and

caption reproduced from [12].

lons are injected tangentially into the Orbitrap™ through a slot displaced from
the centre, as shown by the red arrow in Figure 2.1. A DC voltage is applied

between the central and outer electrodes creating an electrostatic potential:

ki, 12 k S [T
U(T’,Z): E Z —7 +E(Rm) ln[R—]+C
m

(2.1)
Where r and z are cylindrical coordinates, k is the field curvature, Ry, is the
characteristic radius and C is a constant. The ions are injected with a kinetic
energy of a few kiloelectronvolts and oscillate in the trap in spirals around the

inner electrode. When the parameters are set correctly, the ions rotate in
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circular paths around the central electrode, oscillating along the z axis. The
axial electric field caused by the shape of the electrodes to pushes the ions

towards the widest part of the trap initiating harmonic axial oscillations,

z(t) = zycos(wt) + (%)1/2 sin(wt) (2.2)

where z, is the initial axial amplitude, E, the initial ion kinetic energy along the

z-axis and

w = (’%)1/2 (2.3)

is the frequency of axial oscillations, where m is the mass and q the charge of
the ion. This is used to derive the m/z ratio, which can be seen from Equation
2.3 is independent of the initial properties of the ions, i.e. their Kinetic energy.
This is one of the unique properties of the Orbitrap™ and is also the reason
high mass accuracy and mass resolution can be achieved. The image current
detected by the split outer electrodes is induced by this axial motion. This data
IS acquired as a time-domain transient, which is subsequently converted using
an FFT (fast Fourier transform) to yield a frequency spectrum, in the same way

as FT-ICR. These are converted using Equation 2.3 to m/z values.

The mass resolution of the Orbitrap™ [105] is given by:

M 1 w

W= (GG e
Therefore the resolution is proportional to w, i.e. the inverse of (m/z)"2 For
comparison with the other high resolution mass analyser FT-ICR whose
resolution is inversely proportional to m/z, at low masses the resolution is

higher using FT-ICR; however the resolution of the Orbitrap™ decreases more

slowly with increasing mass. The mass accuracy of the Orbitrap™ is in the
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range 2- 5 ppm. The mass resolution on the LTQ Orbitrap™ Velos, used in
Chapters 4 and 5 of this thesis is 100,000 at m/z 400 [109]. But the recent
improvement on the Orbitrap™ Elite gives a resolution of 240,000 at m/z 400

[107].

The limitation, and hence long time period, in developing the Kingdon trap into
a suitable mass analyser came from the problem of how to get ions into the
trap. To overcome this issue, short ion packets of one m/z are injected
tangentially, offset from z = 0, into the trap, with larger m/z ions arriving later.
These are then squeezed towards the central electrode by gradually increasing
the voltage on this electrode, termed electrodynamic squeezing [105]. The
outer electrode is kept at virtual ground whilst the central electrode is ramped
down between -3 and -5 kV. The ions then begin axial oscillations without any
further excitation. Prior to this injection, these ions are stored in a curved
quadrupole, termed the C-trap. This is an RF-only quadrupole that uses rods
with hyperbolic surfaces and is enclosed by two flat lenses with apertures for
ion transport through them, Figure 2.2. The C-trap is filled with nitrogen to
enable collisional cooling of the ions, although the collisions are mild enough
that no fragmentation occurs. The ions form a long thin arc along the curved
axis of the C-trap and are axially confined by applying a potential to the gate
and trap electrodes. The RF is decreased and DC voltages are applied to direct
the ions orthogonally to the axis of the C-trap where they then leave via a slot
in the inner curved (pull) electrode. This packet of ions passes through further

ion optics where they undergo acceleration to high kinetic energies and at the
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same time pass through stages of differential pumping to reach the ultrahigh

vacuum of the Orbitrap™.

Figure 2.2. Diagram of the C-trap, used to store and cool the ions before

injection into the Orbitrap™. Figure reproduced from [110].

The most successful coupling of the Orbitrap™ mass analyser is with the 2D
ion trap [111], Figure 2.3; as the Orbitrap™ operates in a pulsed mode, for
continuous ion sources such as ESI [112] and other ambient ion sources
discussed in this thesis, it is necessary to store ions before injection into the
Orbitrap™., Orbitrap™ analysers can also be used in combination with a
quadrupole mass analyser [113], named the Q-Exactive, offering a smaller

bench top version of the Orbitrap™.
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Figure 2.3. Schematic diagram of the LTQ Orbitrap™ Velos mass
spectrometer, showing the dual linear ion trap design that enables efficient
trapping and activation in the high-pressure cell (left), and fast scanning and
detection in the low pressure cell (right). The C-trap and Orbitrap™ are shown
on the right of the linear ion trap. Figure and caption reproduced from [109].

Although the Orbitrap™ offers great advantages in mass resolution and
accuracy, there are some limitations and drawbacks. These include the speed of
data acquisition which is limited by the detection frequency, using the highest
mass resolution setting the speed is 1 second/scan, although this can be
improved but at the detriment of the resolving power which is inversely

proportional to the speed.

2.2.2 Quadrupole mass analysers

Quadrupole mass analysers also use electric fields to separate ions according to
their m/z ratio. They are made up of four perfectly parallel rods that have
circular or hyperbolic cross-sections. Opposite pairs of rods are held at the
same polarity and an RF field is applied to them. lons entering between the

rods are attracted towards the rod of opposite charge, i.e. a positive ion will be
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attracted to a negative rod, but the ion will change direction if the potential on
the rod changes sign before the ion reaches it. Only ions of a particular m/z
value will be able to pass through the quadrupole for any given voltage.

Therefore, by scanning the RF field, ions of a wide m/z range can be detected.

2.2.3 Triple quadrupole mass spectrometer

Mass spectrometers consisting of several quadrupole mass analysers combined
together in series have been developed; this allows tandem mass spectrometry
to be performed. Three quadrupoles are used, the first and last as mass
spectrometers. In the first quadrupole a single mass or range of m/z is selected,;
in the middle quadrupole, the collision cell, which is an RF only quadrupole, a
collision gas, usually argon or helium, is introduced to fragment the ion or ions.

These fragmented ions are then analysed by the third quadrupole.

2.2.4 Time-of-flight mass analysers

In a time-of-flight mass analyser, ions are initially accelerated by application of
an electric field; this gives all the ions the same kinetic energy. The ions are
separated according to their mass when they drift in a field-free flight tube;
lighter ions will reach the detector first whilst heavier ions take longer as their
larger mass means they have a lower velocity. This analyser is suited to
coupling with ion sources that produce ions in bunches rather than
continuously, i.e. SIMS and MALDI, and also theoretically has no upper mass

limit. The mass resolution can be improved by using an electrostatic reflector, a
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reflectron. This deflects the ions sending them back through the flight tube,
correcting their kinetic energy dispersion. It also increases the path length of

the ions without increasing the size of the instrument.

2.2.5 Quadrupole/time-of-flight (QTOF)

The combination of quadrupole and time-of-flight analysers combines the
advantages of both mass analysers in terms of mass range, mass resolution and
accuracy. These usually consist of two quadrupoles followed by a TOF; this
can be compared to the triple quad mass spectrometer, where the second

quadrupole acts as a collision cell, giving the opportunity for MS/MS analysis.

2.3 Plasma techniques

2.3.1 Definition of a plasma

Plasmas are often referred to as the fourth state of matter; a collection of freely
moving charged particles, that is on average (macroscopically) electrically
neutral, although it is electrically conductive. Plasmas are a very common
occurrence in the natural world with all stars consisting of a plasma state, and
lightning being an example of a short-term plasma. However plasmas can also
be created and have many applications from TV displays, fluorescent lamps,
surface cleaning as well as applications as an ionisation source in mass

spectrometry, the main subject of this thesis.
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To generate a plasma, energy has to be applied to a gas. This energy can be

thermal or generated by applying an electric field or electromagnetic radiation,

as shown in Figure 2.4.
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Figure 2.4. Principles of plasma generation. Figure and caption reproduced

from [114].

The most common way of producing a plasma for use in technological

applications is by applying an electric field to create a discharge [114]. For a

plasma to be produced and sustained, electrical breakdown must occur which

involves exceeding the breakdown voltage for the discharge gas. The

breakdown starts with an ionisation event building up to an electron avalanche;
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the electric field accelerates the charge carriers and an avalanche of charged
particles is created from the collisions of these first charge carriers with atoms

and molecules in the gas or on the electrode surfaces.

The breakdown voltage that must be exceeded to ignite a plasma is given by
the equation below [115]:

- Bpd
? 7 In(4Apd) — In[In(1 + 1/7,,)]

(2.5)
where A and B are constants, p is the pressure, d the anode-cathode separation
and ye is the secondary electron emission coefficient, which is the number of
secondary electrons created per incident ion. The relation between V,, and pd is
known as the Paschen law, and is shown for different discharge gases in Figure
2.5. This shows the minimum voltage point corresponding to the easiest
breakdown conditions. This is a very important parameter that essentially
shows at atmospheric pressure, large plasmas are more difficult to sustain as a
higher voltage is needed; for these pressures it is advantageous to construct
smaller plasmas; a d-value of below 1 mm is required to be near the minimum

of the Paschen curve for almost all gases [116].
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pd (cm Torr)

Figure 2.5. Paschen curves showing the breakdown voltage in various gases as
a function of pd, the pressure and the gap distance, for plane-parallel
electrodes. Figure and caption reproduced from [32, 117].

As shown in Figure 2.5, the curves for the different discharge gases all have
slightly different shapes. The constants A and B in Equation 2.5 are
experimentally determined for each gas, and their values depend on several
different parameters: the collision cross-section, the ionisation potential of the
gas and the secondary electron emission coefficient, ys,. For noble gases, the
first ionisation potential decreases with increasing atomic number, however, at
the same time the collision cross-section increases. The relationship between
yse and atomic number is not as well correlated. The effect of these three
parameters combined is complex, and therefore the breakdown voltage cannot

easily be described by any single parameter.
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The current voltage characteristics for a low pressure discharge are shown in
Figure 2.6. This shows the different breakdown regimes that occur at different

current values.
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Figure 2.6. VVoltage-current characteristics of a DC low pressure discharge.

2.3.2 Non-thermal plasmas

Plasmas can be classified into two broad categories, high temperature plasmas
and non-thermal plasmas; this refers to their thermal equilibrium. High
temperature, or thermal, plasmas are characterised by a thermodynamic
equilibrium between electrons, ions and neutrals:
T~ Ty = T, (2.6)

where Te, Tiand Ty are the electron, ion and gas temperature respectively. This
results in a very high gas temperature, and these types of plasma are commonly
used for materials processing. Non-thermal plasmas are not in thermodynamic
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equilibrium, and the majority of the electrical energy goes into the production
of energetic electrons rather than heating the gas stream i.e. the electron
temperature is much greater than the cold ions and neutrals:
T, » T; = T, (2.7)

However these plasmas can have ion and neutral temperatures up to
approximately 1000 K. As the electrons have higher energy they collide with
background atoms and molecules producing active chemical radicals and
species through atomic/molecular excitation and dissociation. Two types of
collisions occur, elastic and inelastic; in the first, electrons retain their energy,
and in the second, they transfer it when colliding with atoms and molecules.
There is also a requirement for all non-thermal plasmas: the inhibition of the
glow-to-arc transition (arcing). Non-thermal plasmas are also characterised by
their lower electron density, typically less than 10*° m™; for thermal plasmas
this value is between 10%* and 10 m™. The rest of this chapter will address

non-thermal plasmas.

2.3.3 Different types of atmospheric pressure non-thermal

plasmas

Atmospheric pressure plasmas can be generated by a variety of electrical
discharges using either continuous direct current (DC), pulsed DC, alternating
current (AC), radio frequency (RF) or microwave discharges. Figure 2.7 shows
a comparison of the gas and electron temperatures for different atmospheric

pressure plasmas which are discussed below. These discharges are often
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generated by using short term pulsed modes. The short pulse duration prevents

the system from heating up and hence an equilibrium state from forming.
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Figure 2.7. Comparison of the gas and electron temperatures for different
atmospheric pressure plasmas (the plasma jet, corona and DBD) versus low
pressure plasmas (the lower striped area). Figure and caption reproduced from
[117].

Non-thermal RF discharges, also called plasma jets, are operated at low powers
and the impedance matching is capacitively coupled. This is in contrast to high
powered RF discharges which are inductively coupled, such as inductively
coupled plasma mass spectrometry, ICP-MS [118]. A frequency of 13.56 MHz
is most commonly used. The plasma used in this thesis is an RF discharge
based upon the plasma needle developed by Stoffels et al. [25] for the
treatment of biomaterials and sterilisation [119]. This source was designed to
be ‘gentle’, aiming for cell modification rather than destruction, for possible

applications in dentistry.
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Dielectric barrier discharges (DBDs) are also used to generate non-thermal
plasmas. These consist of two metal electrodes with at least one of them
covered by a dielectric layer. This barrier limits the electric current and
formation of sparks. The plasma is generated by short-lived, 10-100 ns, micro-
discharges or streamers that develop on the dielectric layer, randomly
distributed in space and time [117]. The discharge gas flows between the two
electrodes which are separated by a few millimetres. DBDs are operated using

AC voltages.

Corona discharges are localised, weakly luminous discharges which are
generated at the tip of a sharp pointed needle where the electric field is
sufficiently high. This produces a lightning crown around the tip that spreads
towards the planar electrode. The plasma volume is very small. Corona
discharges are operated using pulsed DC mode and high breakdown voltages

are required, as shown in Table 2.1.

Table 2.1. Breakdown of atmospheric pressure plasma discharges. Table and

caption reproduced from [117].

Source Vyp (kV)
Low-pressure discharge 0.2-0.8
Arc and plasma torch 10 -50
Corona 10 -50
Dielectric barrier discharge 5-25

Plasma jet (RF) 0.05-0.2
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2.4  Desorption electrospray ionisation

Desorption electrospray ionisation, DESI, was the first ambient mass
spectrometry technique that was introduced in 2004 by Graham Cooks’ group
at Purdue University [7]. Initial studies using the technique showed its
applicability in a range of fields crossing such diverse topics as alkaloids in
plant tissues [120], profiling of lipid distributions in biological tissue [121] and
trace-level explosives detection [122]. Since then, many other application areas
have emerged for the technique as demonstrated by the biennial reviews by

Fernandez et al. [10, 123].

The DESI source simply consists of an electrospray ionisation source which is
directed towards the sample surface, as shown in Figure 2.8. This results in
charged solvent droplets impacting the surface. Several studies have tried to
understand the fundamental mechanisms that occur during the desorption and
ionisation processes. Particle dynamics analysis has been used to measure the
sizes and velocities of both the primary and secondary droplets in DESI [124].
Initial droplet diameters of 2 to 4 um were measured; however the secondary
droplets were smaller, ranging between 0.9 and 3 um depending on their
distance from the spray impact site. The velocities of the droplets changed
much more dramatically with impacting droplets typically travelling at 120 m
s and secondary droplets at less than 25 m s™. The droplets scattered closer to
the surface had higher velocities and it is thought that these are the most
effective in analyte transfer. Computational fluid dynamic simulations of the

spray contribute to the theory that a two-step analyte pickup mechanism is
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involved, with initial wetting of the surface dissolving the analyte, followed by
incident droplets splashing the surface creating secondary droplets that are

transferred to the mass spectrometer [125, 126].

The sniffer
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The sample d4 = spray tip length
Figure 2.8. Schematic showing optimal DESI parameters. Figure and caption

reproduced from [127].

Optimisation of the geometry of the DESI spray with respect to the sample and
the inlet to the mass spectrometer, the “sniffer”, is critical for good signal
intensities and repeatability [127]. For instance, a small deviation of less than a
millimetre in the spray-sample distance, d; in Figure 2.8, can greatly affect the
signal response. The successful detection of an analyte of interest is also
dependent on the geometry of the DESI spray, with lipids and explosives
requiring greater distances between the spray and sample compared to peptides
and proteins [128]. The solvent composition used in the electrospray also has
an effect on signal intensities and spatial resolution [129]; it was found that a
greater percentage of solvent compared to water, up to 100% solvent

(methanol, acetonitrile, ethanol or propan-2-ol) led to a 35 fold increase in

51



Chapter 2 Methods

efficiency (molecular ion counts per unit area) and a 2 fold improvement in the
erosion diameter. The successful detection of a molecule is also affected by its

solubility, greater than 1.5 g kg™ is needed for effective DESI analysis [129].
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Chapter 3
A comparison of SIMS and DESI and their

complementarities

3.1 Introduction

In this chapter, one the most successful of the ambient surface mass
spectrometries, desorption electrospray ionisation (DESI), which provides
highly sensitive mass spectrometry from surfaces without the constraint of

vacuum, is compared with secondary ion mass spectrometry (SIMS).

Surface chemical analytical techniques such as secondary ion mass
spectrometry (SIMS) [130] are extremely powerful, providing high-sensitivity
molecular information at better than 200 nm spatial resolution. However, the
requirement for SIMS analysis to be in vacuo is, for many applications, a
severe drawback. This is, of course, particularly important for biological
applications. In the vanguard of these ambient methods is desorption
electrospray ionisation (DESI) developed by Cooks et al. [7, 131]. DESI has
already been shown to have great potential in a wide range of application areas
from forensics and homeland security [132-135], through to counterfeit
detection of pharmaceuticals [136], environmental analysis [137] and

biological analysis [138, 139]. Of the wide variety of ambient desorption
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methods, it is clear that DESI has one of the strongest uptakes. As with all
techniques there are some disadvantages; DESI cannot generally desorb
molecules that are chemically bound to surfaces, giving low signals from
molecules with low ionisation efficiency, and the spatial resolution is currently
limited to approximately 100 pum [140], with the best recorded value being 40

um [141].

NPL has been involved in developing the underpinning understanding of
surface analysis techniques, leading to over 100-fold improvement in
repeatability in SIMS [142]. We have begun a similar approach for DESI, to

improve understanding of the technique [127].

Here, we illustrate the complementarities of SIMS and DESI for the analysis of
18 industrially relevant organic molecules. DESI uses a gentler desorption
mechanism to remove material from the surface than the sputtering involved in
SIMS. We have investigated the DESI desorption mechanism in order to
understand the materials for which DESI is effective. In particular, large fragile

molecules can be detected intact, rather than heavily fragmented as in SIMS.

The objectives of this chapter are:
e To compare the characteristics and parameters used for vacuum (SIMS)
and ambient (DESI) mass spectrometry.
e To show for different types of molecule, the similarities and differences

in chemical information that is obtained using the two techniques.
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3.2 Experimental Section

3.2.1 DESI

In this study, we use a modified nanospray source for the QTRAP 4000 mass
spectrometer (Applied Biosystems, Warrington UK) for DESI experiments.
This instrument offers good sensitivity, and the capability to conduct MS,
MS/MS and MS?® experiments. The other modification was the attachment of a
‘'sniffer' (a steel capillary) to the MS entrance to facilitate efficient collection of

the desorbed material into the MS inlet.

In this work, a solvent composition consisting of 0.1% formic acid in 50:50
acetonitrile:water (18 MQ cm™) was used throughout for the electrospray
liquid. The standard operating conditions, unless otherwise stated, were an
electrospray voltage of 5000 V, a solvent flow rate of 1 ul min™, a nebulising
gas flow rate at around 6 L min™, an angle of incidence of either 0° or 40°, a
tip-to-sample distance of 1.5-2 mm, a tip-to-sniffer distance of ~ 5 mm, a
sniffer-to-sample distance of < 0.5 mm and a tip length of 0.8-1 mm. These
conditions were found to give an optimal, stable, and repeatable signal
intensity for the protonated molecule of Rhodamine B, and a good spot shape
on the sample. A full explanation and discussion of the optimisation of the

geometry and set-up can be found in Ref. [127].
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3.2.2 SIMS

Secondary ion mass spectra were recorded using an ION-TOF time-of-flight
secondary ion mass spectrometer (TOF-SIMS 1V), shown schematically in
Figure 3.1, with primary ions of Bis" at 25 keV energy. To measure the ion
yields, four repeat spectra were taken with the same ion dose, on fresh regions,
within the static SIMS limit [143]. The instrument was equipped with a
bismuth-manganese liquid-metal ion source (LMIS) G-tip [144]. The ion beam
could rapidly be switched between Bi* and Mn" for G-SIMS analysis [144]. G-
SIMS spectra were acquired in the order Bi* followed by Mn* on the same area
and then calculated as described in detail elsewhere [142, 145]. For each
analysis, the ion beam was digitally rastered with a 128 x 128 array over an
area of 100 x 100 um using a combined total primary ion dose of
<1x10"jons m?2 The samples used were conducting and so no charge

compensation was required.
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Figure 3.1. Schematic outlining the basic features of the TOF-SIMS
instrument, courtesy of ION-TOF GmbH.

3.2.3 Samples

Samples of phenylalanine, rhodamine B, lysine, cholesterol (Sigma Aldrich,
Poole, UK) and Irganox 1010 (CIBA, Macclesfield, UK) were thermally
evaporated onto silicon wafers using an Edwards AUTO 306 vacuum coater
(Crawley, UK). Samples of trehalose, chlorhexidine, hydroxyl propyl cellulose
(HPC) and 1,2-dimyristoyl-rac-glycero-3-phosphocholine (DMPC) (Sigma
Aldrich, Poole, UK) were spin coated onto silicon wafers using a Laurell
Technologies Corporation spin coater, model WS-650Sz-6NPP-Lite (North
Wales, PA, USA). Samples of erythromycin, reserpine, creatinine, atropine,
carbaryl, colchicine, erythromycin ethyl succinate (Sigma Aldrich, Poole, UK),
peptide His-Cys-Lys-Phe-Trp-Trp (H6387) (Cambridge Peptides, UK) and

myoglobin were drop cast onto silicon wafers.
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3.3 Results and discussion

SIMS and DESI both use projectiles to remove material from a surface;
however, the mechanisms of removal are quite different. Table 3.1 lists some
of the differences between the DESI and SIMS projectiles. DESI uses very
large solvent droplets (~4 um) to produce a very gentle desorption of material
(representative energy/molecule of ~2 eV). Desorption is thought to arise
through a mechanism of dissolution of material from the surface followed by
secondary droplet transfer into the mass spectrometer [126]. The DESI
technique is able to desorb large amounts of material very quickly, due to the
high rate of water droplets impacting the surface. In contrast, SIMS is
extremely energetic and, coupled with its need for vacuum, it is less good for
analysing fragile samples, but the small projectile size and focus enable
imaging close to the nanoscale (100 nm spatial resolution can be achieved).
SIMS is also extremely surface sensitive, generally detecting only the top
monolayer. SIMS has a low rate of erosion and ionisation, making MS/MS

techniques, where a large number of ions are needed, difficult.

Table 3.1. A representative comparison of common projectiles and parameters
used in SIMS and DESI, illustrating the rapidity and gentleness of DESI in
comparison to the energetic SIMS.

DESI SIMS
Projectile Water/alcohol mixtures Metal clusters
Projectile size ~4 um ~1nm
Energy/constituent in ~2eV 300 eV to 25 keV.
projectile
Rate of erosion ~ 7000 pm® s ~1pm®s?t
Source Chromatic Monochromatic
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SIMS and DESI mass spectra were obtained from 18 industrially relevant
organic samples to ascertain the practical effectiveness of each of the
techniques. In general we saw three different types of behaviour, which we
describe in more detail below. First, in some cases such as chlorhexidine, DESI
and SIMS were able to identify the molecule equally well, Figure 3.2. DESI
and SIMS exhibited similar spectra, with a strong molecular ion peak set
against a background of peaks. The SIMS background arises from a large
number of fragmentation products both of the molecule, as well as of any
contamination present at the surface. The DESI background arises from the
electrospray solvent, populating the mass spectrum with signal from solvent
clusters. This is important as it can significantly reduce the signal-to-noise ratio
and occasionally swamp the molecular signals or those of trace analytes. The

solvent background interference is often significantly less in negative ion mode
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Figure 3.2. Mass spectra of chlorhexidine using (a) SIMS analysis with Bis"
primary ions at 25 keV energy, and (b) DESI using solvent composition of
50:50 ACN:H20 with 0.1% formic acid.
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Analysis of the protein myoglobin, with mass of ~ 16,000 Da, highlights a
stark contrast in the ability of the techniques. The structure of myoglobin is
shown in Figure 3.3 (a), with the iron-containing haem fragment highlighted.
The SIMS spectrum of the protein, shown in Figure 3.3 (b), has the peak
characteristic of the protonated haem molecule (CssH3,04N4Fe™ at mass
616.12 Da) and amino acid residues, within a very large background of
fragmentation peaks. This spectrum can be simplified dramatically with the use
of G-SIMS [142, 145], as shown in Figure 3.3 (c), with the background
reduced and the characteristic heme peak the most intense peak in the
spectrum. In comparison, the DESI spectrum, shown in Figure 3.3 (d), contains
the protonated heme peak at 616.12 Da, as well as a strong signal from the
intact protein. The intact myoglobin molecular ion is observed, with a charge
envelope around the M*"* jon at m/z 943.0, highlighted in Figure 3.3 (d). This
illustrates the gentle nature of DESI, leading to the ability to observe intact
proteins, giving it a definite advantage in the analysis of large or fragile
molecules. In addition, DESI-MS often has the capability to routinely conduct
MS/MS of a given peak (something still difficult in SIMS). Breaking down the
molecule into fragments with MS/MS enables an improved signal-to-noise
ratio, supports identification and aids structural characterisation. This can be a
critical advantage for the identification of complex biological molecules.
However, SIMS gives the opportunity for three-dimensional nanoscale
resolution of chemistry and, in addition, has the potential to determine the
orientation of ordered molecules at surfaces [146]. The gentle nature of DESI
may lead to difficulty in breaking covalent bonds, making it unsuitable for the

analysis of molecules covalently bound to a surface.
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Figure 3.3. (a) Myoglobin structure with the heme fragment circled. Positive
ion mass spectra using (b) SIMS, (c) G-SIMS and (d) DESI-MS of myoglobin.
The heme fragment ion is labelled and in (d) the protein charge envelope
highlighted.

There are ranges of molecules that do not seem to be easy to detect with DESI.
Some examples seen in this study include Irganox 1010, carbaryl, lysine,
cholesterol and hydroxy propyl cellulose. A number of studies have
investigated the inclusion of different additives to the electrospray solvent in
DESI to enhance or change the charge states [147], improve sensitivity and
selectivity [132, 148] and improve the detection of less polar compounds [149].
This has often been termed reactive DESI and may aid the detection of the
molecules, but is not studied here. Presently, more development is required to
understand reactive DESI and its areas of use. To start to identify regions

within which DESI or SIMS is most useful, we illustrate in Figure 3.4 a matrix
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within which molecules can be classified, depending on the successfulness of
DESI and SIMS analysis. The important attributes of the aqueous solubilities
of the molecules and their functional groups is given by the associated
symbols. This shows that the effectiveness of DESI is not primarily dependent
on solubility. It may be that functionality or polarity has a stronger effect. This

Is studied in more detail elsewhere [129].
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Figure 3.4. The effectiveness of SIMS and DESI analysis for 18 organic
molecules. A key to their solubility in water and functional groups is included.
Shortened names for some of the molecules: HPC- hydroxypropylcellulose,
DMPC- 1,2-dimyristoyl-rac-glycero-3-phosphocholine, H6387- peptide His-
Cys-Lys-Phe-Trp-Trp

Figure 3.4 allows us to begin a classification and ordering of molecules to aid
our understanding of the causes of their detection efficiencies. The
complementarity of Figure 3.4 may be seen by allocating the value 1 for
"Good" and 0.5 for "OK". These values are approximate and preliminary, and
the exact position of a given molecule within the matrix is open to debate, and

may be moved by the use of reactive DESI or different SIMS primary ions.
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SIMS then has a total score of 9.5 out of a possible 18 or 53%. DESI receives a
similar 50% - not significantly different with only 18 samples. More
importantly, if both techniques are used together, this rises to 72% - a result
expected if the essential signal generating processes had different origins in

SIMS and DESI as discussed.

3.4 Conclusions

Table 3.2 summarises the different qualities of SIMS and DESI analysis and
the complementarities of the two techniques. From the range of samples we
have studied here, we can start to classify different molecules according to the
effectiveness of SIMS and DESI, as shown in Figure 3.4, and this provides a
framework to understand the limitations and ranges of the techniques further.
Some broad generalisations can already be made about the types of spectra
seen.

1. For large molecules and biologicals, DESI is advantageous.

2. For some molecules, SIMS and DESI exhibit similar spectra.

3. Some molecules are unobservable with DESI, dependent on ionisation,

surface binding, solubility and functionality.

The ambient nature of DESI makes it extremely useful for quick sample
analysis and in vitro analysis. However, for nanoscale analysis, or the detection
of surface bound molecules, SIMS must be used. The ranges of use and areas
of complementarities of SIMS and DESI are shown in Table 3.2. At present,

DESI shows great potential for a wide range of analysis; however, further work
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is needed to assess the fundamental limitations of DESI and understand the

rules that lead to poor or no detection of particular molecules.

It is clear that there is a gap for ambient mass spectrometry of important
industrial and biological molecules such as Irganox and cholesterol, as shown
in Figure 3.4. Therefore, in the following chapters, we explore the capability
and metrology of an ambient plasma desorption ionisation source, a

complementary technique that will address some of these measurement gaps.
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Table 3.2. Comparison of the different qualities of DESI and SIMS

DESI

SIMS

Molecules detected

e Small molecules

e Peptides and
proteins

e Inks and dyes

e Molecules weakly
bound to the
substrate

e Small molecules
e Inks and dyes

e Molecules strongly
and weakly bound to
the substrate

e Molecules strongly
bound to the

e Proteins and large
peptides

Molecules not substrate )
detected e Volatiles
e Low solubility
molecules
Spectral Eull MS/MS MS with some structural
information information

Background signal

Significant background
from source liquid

Background of
fragmentation species
and contamination

Sensitivity

Good (ng)

Excellent (fg or ag)

Repeatability

~15% over a day

Better than 2 %

Spatial Resolution

~150 pum

<100 nm

Quantitation

Quantitative with
internal standard

Semi-quantitative
(quantitative for known
reference samples)
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Chapter 4
Effects and optimisation of analytical
parameters for signal intensities of

molecules and polymers using PADI

4.1 Introduction

In this chapter, the optimisation and characterisation of a plasma-assisted
desorption ionisation (PADI) source is presented. This includes optimisation of
the source geometry to maximise signal intensities, and variation of the plasma
power which results in different levels of fragmentation. Thermal imaging of
the plasma is also carried out for the first time. Polymer analysis is possible
using PADI with characteristic ions identified; this is discussed in detail later in

the chapter.

As discussed in Chapter 1, ambient mass spectrometry is a relatively new area,
with the innovation of desorption electrospray ionisation (DESI) [7] in 2004
heralded the important area of ambient mass spectrometry (AMS) [10]. Within

this growing domain, plasma-based desorption and ionisation techniques have
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developed as one of the leading variants, with several different types of

operation and configuration.

Polymers are an important class of material used in many advanced
technologies, for example drug delivery coatings on medical devices.
Secondary ion mass spectrometry (SIMS) is one of the principal techniques for
studying such materials giving high-resolution imaging in 2D and 3D [150].
However, samples need to be prepared for analysis in the vacuum system,
usually to reduce the sample size and the sample needs to be mounted to reduce
topographical effects. Consequently, whilst SIMS is excellent at studying
materials in detail it is not well suited to on-line analysis in a production
environment. An ambient mass spectrometry technique with the capability for
polymer analysis is therefore desirable. There have been a limited number of
studies using ambient mass spectrometry to analyse polymers. DESI has been
used to successfully analyse poly (ethylene glycol) (PEG) [151]. Poly
(tetramethylene glycol) (PTMG) and polyacrylamide (PAM) were also
analysed with limited success. Bulk polymer surface analysis of biopolymers,
synthetic homo- and co- polymers has been carried out using FA-APGD-MS
[79]. In that study, ions were detected from all the polymers analysed in the
positive ion mode but were limited to a mass range below m/z 500. Phthalic
acid esters in PVC toys were analysed using DART [152], but ions coming
from the PVC are not discussed. Analysis with an atmospheric plasma system,
almost identical to PADI, showed that the mass spectra from a series of
substituted polyethylenes (PEs) [153] was complex with ions due to

fragmentation of the polymer and from reactions in the plasma also detected.
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Pulsed radio frequency glow discharge time-of-flight mass spectrometry (GD-
TOFMS) has been used for the analysis and depth profiling of single and multi-
layer polymers [154]. This has the limitation that only ions under m/z 100 are
detected [155]. PADI and a smaller variant, micro-PADI, have been used to
analyse PTFE [78]. The mass spectra from these two sources show mainly the
same ions but with different intensity distributions; for the micro-PADI, an ion
series corresponding to [C3F, + [CF;], + (OH)] is the most dominant with ions
detected up to 700 Da, whereas for the traditional PADI many more ion series

are detected up to a mass of 900 Da.

Here, we study the effects of the key operating parameters for PADI on the
spectral intensities to provide guidance for analysts. We use the optimised
conditions to show the effectiveness of PADI for the analysis of four polymers;

PTFE, PMMA, PLA and PET.

The objectives of this chapter are:
e The development of the metrology for PADI, including optimisation of
the geometrical and operational parameters.
e Measurement of the surface temperature, its variation with plasma
power and the effect on signal intensities.
e Analysis of polymers using PADI, showing unique fingerprint spectra

from each polymer.
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4.2  Experimental Section

4.2.1 Samples

Uniform thin films of valine (= 99.5% purity, Sigma Aldrich, Poole, UK) were
thermally evaporated onto glass slides (Superfrost, Thermo Fisher, UK), with
thicknesses between 380 nm and 520 nm, using an Edwards AUTO 306
vacuum coater (Crawley, UK). Thickness measurements were made using a
M2000 spectroscopic ellipsometer (Woollam, USA). Four different polymers
were analysed. Poly (methyl methacrylate) (PMMA) and poly (ethylene
terephthalate) (PET) were analysed in bulk form from 1 mm thick amorphous
sheets (Goodfellow, Cambridge, UK). Polytetrafluoroethylene (PTFE) was also
analysed in bulk form as thread-seal tape (RS, Corby, UK). Poly (lactic acid)
(PLA), My ~ 124000 (Sigma Aldrich, Poole, UK) was dropcast onto a glass
slide. Initial PADI experiments analysing PMMA spun cast on to silicon wafer
were unsuccessful at detecting any ions from PMMA. This was found to be due
to conducting properties of the sample; therefore further experiments were

carried out with polymers on insulating substrates.

4.2.2 PADI

The PADI set up consists of an RFG050 radio frequency generator, operating
at 13.56 MHz, and an AMN150R automatic matching network (Coaxial Power
Systems Ltd, Eastbourne, UK), attached with a coaxial cable to the plasma pen.
It was found that the automatic matching network (which sets the impedance to
reduce reflections) did not work sufficiently well in this arrangement and had

to be optimised manually. Figure 4.1 shows a schematic of the set up as well as
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a photograph of the plasma. The plasma pen is made up of a tungsten wire,
diameter 0.75 mm, encased in ceramic tubing, ID 1 mm OD 2 mm, to insulate
it, with the sharpened tip of the needle exposed for 7 mm. An outer glass tube,
ID 2.5 mm OD 4 mm, encases the ceramic tube and needle, and the end of the
glass tube is flush with the needle. A grounded copper electrode of 10 mm
width is attached to the outside of the glass tube 3 mm from the end. Helium
gas, 99.996% pure (BOC, Guildford, UK), enters through a nylon Swagelok T-
fitting, where it subsequently flows between the ceramic and glass tubes to the
exposed sharpened end of the tungsten wire. The helium flow rate is controlled
via a flowmeter (Cole-Parmer, London, UK), and a flow rate of 820 mimin™

was used [156]. High RF voltages are used in the PADI system; therefore

caution must be taken when the plasma is on.

Coaxial cable

Ground

RF Matching
Generator Network

Corona electrode

13.56 MHz discharge
13-28 W
Helium Afterglow B
400-1200 ml/min
Ceramic tube
Glass tube ID1 mm, OD 2 mm
ID 2.5 mm, OD 4 mm
Tungsten wire
0.75 mm diameter
MS Grounded
—_—
z — copper ——> MS
<—y> electrode %

Figure 4.1. Schematic of the PADI setup, with details of the dimensions and
materials of the components that make up the source. Inserts of the geometrical

parameters studied and a photo of the plasma.
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4.2.3 Mass spectrometer

A Thermo Scientific LTQ-Orbitrap™ Velos mass spectrometer was used in
both positive and negative ion modes. MS? and MS® were used to confirm the
identity of ions, where necessary. Mass spectra were acquired for 2 minutes.
The mass spectrometer was programmed to collect up to a maximum
Orbitrap™ injection time of 500 ms, using an AGC (automatic gain control)
setting of 5 x 10°. The AGC is designed to fill the trap with the optimal amount
of ions to ensure that the signal intensities are high and that the spectra are not
distorted by space-charging effects. All data were acquired using the
Orbitrap™ mode with the highest resolution setting of 100,000 (at m/z 400),
unless otherwise stated. All data were recorded after the plasma was switched
on. The capillary temperature was set to 150 °C. The standard ion transfer tube
was replaced with an extended version, subsequently referred to as the ‘sniffer’
as shown schematically in Figure 4.1. Samples were placed on a 2-axis stage

(Prosolia, Indianapolis, IN, USA) below the sniffer.

A QSTAR Elite quadrupole time-of-flight (Q-TOF) mass spectrometer
(Applied Biosystems, USA) was used for the helium flow rate and the RF input
power optimisation experiments using triethanolamine and hydroxycitronellal
in section 4.3.1. The QSTAR was operated in the positive ion mode with an
m/z range of 50 - 1000. An extended ion transfer tube was also fitted to the
inlet of the mass spectrometer. For these experiments the inlet capillary was

not heated.
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4.2.4 Temperature measurements

Thermal imaging of the plasma system was performed using a FLIR systems
InfraCAM thermal imager and a FLIR systems SC5000 thermal imager (West
Malling, Kent, UK). The measurements discussed in the results section are the
temperature at the centre of the analysis spot on the surface, which is also
where the temperature was highest. Data acquired from the cameras were
analysed using FLIR systems ThermaCAM™ Researcher Pro 2.9 and Altair
software. The emissivity of the glass sample (0.92) was taken into
consideration when calculating the temperature. A heated sample stage was
constructed to perform thermal desorption measurements. This was made using
a glass slide covered in a thin film of indium tin oxide (ITO) with electrodes

attached through which a current, 0.08 to 0.2 A, was passed to heat up the

stage.

4.3 Results and discussion

4.3.1 Optimisation and analysis of small molecules with
PADI MS

When moving from one analysis spot to another, PADI needs a settling period
before the signal intensities stabilise. Figure 4.2 shows a typical example for
the [M-HCOOH+H]" ion from valine, using an RF input power of 22 W,
showing the intensity becoming more stable after 20 seconds. We believe this

is due to the surface heating up when the plasma is first moved to a new
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position, and that the temperature reaches a plateau after 20 seconds.
Therefore, in this study we sum the intensities over a 100 second period
following the first 20 seconds to account for the stabilisation period.
Temperature effects are discussed in greater detail later in the chapter.
Fluctuations in the signal intensity have a relative standard deviation of
approximately 10%. Analysis of ion chromatograms show that some
background ions such as phthalates at m/z 149.023 (phthalic anhydride
[CeH403 + H]Y), 205.086 [CioH1;03 + H]* and 279.159 (dibutylphthalate
[C16H2204 + H]Y), have a strongly fluctuating signal, with relative standard
deviations of over 70% over 120 seconds; these ions are likely to come from
the laboratory air. Whereas other background ions, at m/z 73.065 [C4HgO + H]"
and 136.021 [C;HsNS + H]", which come from the substrate, are much more

stable with relative standard deviations of around 6% over the same period.
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Figure 4.2. lon chromatogram of the [M-HCOOH+H]" ion from valine,

showing the signal becoming more stable after 20 seconds.
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Generally, for measurements acquired using PADI, we have found that the
standard deviation is approximately proportional to the average signal
intensity. This shows that the noise is dominated by systematic effects such as
instability in the plasma rather than random noise. This has important
consequences for the future use of multivariate statistical analysis where an
understanding of the noise distribution is essential for effective use [157]. It is
also important for analytical purposes since the signal-to—noise ratio does not
improve with increased acquisition time. Clearly, the source stability needs to
be improved and new designs are being studied [78]. To improve the statistics
in this study, 5 repeat measurements were acquired and an average taken, with

the associated sample standard deviation used for the error bars in the figures.

We now use a thin film of valine on a glass slide as a model system to study
the effects of geometrical parameters (z, y, #) shown in Figure 4.1, the RF input
power, P, and the sample temperature T. To investigate the effects of varying
the helium flow rate, F, hydroxycitronellal and triethanolamine samples were
used. Figure 4.3 (a) shows the positive ion mass spectrum from valine using
the optimised parameters (z = 2 mm, y=7 mm, § = 0° and P = 22 W)
identified later in the text. For comparison a mass spectrum of a blank glass
slide, Figure 4.3 (b), is shown. As well as the protonated molecular ion, peaks
corresponding to [M-HCOOH+H]", [M-CH,0+H]" and [M-H,+H]" are also
detected from valine. The [M-HCOOH+H]" ion at m/z 72.0810 is a fragment
that is commonly observed for valine. However, the other two fragments have
not previously been recorded. These show that the plasma is not as soft an

ionisation technique as DESI [129] and desorption atmospheric pressure
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chemical ionization (DAPCI) [158] where only the protonated molecular ion is
observed.  The protonated molecular ion as well as the fragment
[M-HCOOH+H]" were detected from valine when analysed by DBDI [18].
Using the optimal geometric and power settings, and a data set of 10 repeat
measurements, a repeatability of 2.3%, for [M-CH,O+H]*, and 7.2% for

[M+H]" is obtainable.
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Figure 4.3. Positive ion mass spectra of (a) valine and (b) a blank glass slide
using PADI-MS with z =2 mm, y =7 mm, § = 0°.
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To investigate the effects of varying the helium flow rate on signal intensities,
we monitored two molecules, hydroxycitronellal and triethanolamine. Figure
4.4 shows there is an increase in molecular ion intensity for the two molecules
with increasing helium flow rate from 400 to 820 ml min™ after which there is
a decrease. The intensities are summed from the extracted ion chromatograms
from 20 to 35 seconds after changing the power or flow rate conditions. Above
850 ml min™, the mass spectrometer had problems acquiring data for longer
than 30 seconds due to the high gas flow saturating the mass analyser. The
optimal helium flow rate is 820 ml min™, independent of the power used and

the fragment analysed.
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Figure 4.4. Intensity of the molecular ion peaks of triethanolamine and
hydroxycitronellal using PADI-MS with power 22 W and varying helium flow

rate.

Figure 4.5 (a) shows the effect of the vertical height, z, on the intensities of
four ions from valine with the angle of incidence 8 set at 0° (normal), and using
y = 7 mm. For each ion the intensity increases as the plasma moves closer to
the surface. When the plasma is closer to the surface it desorbs a larger amount

76



Chapter 4 Effects and optimisation of analytical parameters (PADI)

of material as can be seen from the images inset in Figure 4.5 (a); when z = 0.5
mm, the area desorbed in 2 minutes is 24.5 mm?, whereas when z = 2 mm this
area reduces to 0.6 mm? and when z = 4 mm this reduces again to 0.4 mm?. We
can work out the efficiency of analyte material transferred into useful signal by
dividing the signal intensity by the amount of material desorbed from the
corresponding experiment. From this we deduce that the optimal plasma height

iSz=2mm.

With z = 2 mm and 6 = 0° fixed we show in Figure 4.5 (b) the effect of the
plasma to sniffer distance, y, on the spectral intensities. When the plasma is
very close to the sniffer, the signal intensities are low. At such close range the
plasma plume and afterglow are sucked into the sniffer. In addition, the sniffer
is held at 0 V and this may affect the plasma characteristics. Later, we discuss
how conducting substrates can greatly affect the mass spectrum. As the plasma
moves away from the sniffer, intensities increase to a maximum at 7 mm after
which they decrease again due to the ions not being efficiently collected into

the spectrometer through the sniffer. A value of y =7 mm is recommended.

The third geometric parameter to consider is the angle of the plasma to the
surface normal, 6. Figure 4.5 (c) shows the effect of angle of incidence on the
spectral intensities with the other parameters fixed at z =2 mm and y = 7 mm.
The effect of incidence angle does not appear to be strong but intensities are

generally highest at & = 0° and so this value is recommended.

77



Chapter 4 Effects and optimisation of analytical parameters (PADI)

16 -
14 - (a)
2
§ 12 4 = [M-HCOOH+H]*
w 10 - == [M-CH,O0+H]*
o
T g [M-H,+H]*
=y .
g [M+H]
g °
£ 32
2 .
0 T 1 (]
0 2 4 6 8
Plasma to surface distance (z), mm
12
(b)
10 ~

=+ [M-HCOOH+H]*
== [M-CH,O+H]*
[M-H,+H]*
[M+H]*

Intensity, 108 counts
(o)}

4 -
2 4
O 1 T
0 5 10 15
Plasma to sniffer distance (y), mm
8
== [M-HCOOH+H]*
74 (0 [ ]
‘3 6 == [M-CH,O+H]*
3 [M-H,+H]*
(8] 5 J
2 [M+H]*
L]
.*f' 4
e 3
3
£ 2
1
0 1 1 T T 1

0 20 40 60 80 100
Angle from normal (0), degrees
Figure 4.5. Variation of intensity of the [M-HCOOH+H]*, [M-CH,0+H]",
[M-Ho+H]" and [M+H]" valine peaks with (a) z, the distance between the
plasma and surface (inset are images of the erosion craters at z = 0.5 mm and 2
mm), (b) y, the distance between the plasma and sniffer, and (c) 6, the angle of
the plasma from the normal. All the other parameters are kept constant, as

defined in the text.
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In Figure 4.6 (a), we show the effect of plasma power on the valine spectral
intensities with the other parameters fixed at z =2 mm, y = 7 mm and 6 = 0°.
This is the power from the RF generator and not the power on the end of the
needle, which will be lower due to losses in the cable between the generator
and needle. As can be seen from this figure, the intensity of all the ions starts
low at 13 W and then increases as the power is increased. What is interesting is
that the intensity of different ions peak at different powers, with [M-CH,0+H]"
reaching a maximum at 22 W. [M-HCOOH+H]" and [M-H,+H]" both reach a
peak at 25 W. The [M+H]" intensity is still rising at the maximum RF input
power used, 28 W. Figures 4.6 (b) and (c) show the variation of
triethanolamine and hydroxycitronellal with P. Similar behaviours to valine are
observed for these molecules: generally, the intensities increase with RF
power. However, some, the [M+0O-H3]" ion from hydroxycitronellal and the
[M-H30]" ion from triethanolamine, decrease in intensity as the RF power is
increased. This may be dependent on other parameters such as humidity. It
should be noted that these samples were analysed using the QSTAR mass

spectrometer.
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[M+H]", [M+OH]* and [2M+H]" triethanolamine ions, and (c) [M-H3z0]",
[M-H]", [M+0O-Hs]", [M+H,0,]" and [2M+HO,]" hydroxycitronellal ions
acquired using the QSTAR MS. All the other parameters are kept constant, as
defined in the text.

It is generally thought that desorption by plasma sources [28] occurs through
thermal processes. We therefore measure the effect of plasma input power, P,
on the valine sample and glass slide temperature using IR thermometry (as
described earlier). All other parameters are set at the optimised settings as
previously discussed. The ambient temperature of the glass substrate when the
plasma is switched off is measured to be 24 + 5 °C (the laboratory temperature
is 22 °C). Figure 4.7 shows that there is an approximately linear increase in
temperature with P similar to results reported for LTP [159]. A discontinuity is
observed at around 17 W. At the lowest power setting used, 13 W where the
plasma can only just be visibly seen, the temperature of the surface is 35 °C.
For this study we went up to a maximum of 28 W which resulted in a surface
temperature of 130 °C. All temperature measurements have errors of £ 5 °C
due to the accuracy of the thermal imaging camera. Figure 4.8 (a) shows an
example thermal image for P = 18 W with parts of the experimental
arrangement labelled to assist orientation. The temperature distribution at the
surface is approximately Gaussian with some asymmetry as the plasma is
drawn in the direction of the sniffer. Line scans across the profile are shown in
Figure 4.8 (b) for 13 W < P < 28 W. The FWHM is approximately constant at

3 mm diameter.
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Figure 4.7. Variation of the temperature at the sample surface when changing

the input RF plasma power, using optimal geometry settings.
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Figure 4.8. (a) Thermal image of plasma at a power setting of 18 W. (b)
temperature linescans through the centre of the interaction area at the surface

for different plasma powers.

In Figure 4.9 (a), we re-plot the data from Figure 4.6 (a) with a temperature
scale calibrated from Figure 4.7. For delicate samples, such as biological
material or thin polymer films it is important to keep the sample temperature

low and therefore P should be limited to low powers although this results in a
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much lower sensitivity, especially of the protonated molecular ion. Alternative
methods, such as a pulsed plasma source may reduce the temperature without
such a strong effect on sensitivity. An alternative approach is to use a plasma
with a wider surface area such as the bundled arrays developed by Dalgleish et
al. [159]. However, as we see later in Chapter 5, substances with low vapour
pressure require heating of the sample for sufficient sensitivity and therefore

minimal P could be beneficial.

To understand whether the changes in signal intensities with increasing power
as shown in Figure 4.6 (a), are due directly to thermal desorption, experiments
were performed using a heated sample stage. The temperature of the stage was
varied from 35 to 100 °C. A power setting of 13 W was used which results in a
surface temperature of 35 °C. Results from this experiment are shown in Figure
4.9 (b). At 13 W, the intensity of the [M-CH,O+H]" valine ion remains more or
less constant when the temperature of the stage is increased. The other valine
ions all increase with intensity as the temperature of the sample stage increases.
The [M+H]" ion shows the largest relative increase in intensity and it
dominates the spectrum above 74 °C. It was observed with thermal imaging
that when the sample stage is at a higher temperature than the plasma, the
plasma effectively cools the sample so that the sampling spot is at a slightly
lower temperature than the surrounding sample, but not as low as when the

sample is not heated.
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Figure 4.9. Variation of the signal intensity of different valine ions (a) when

varying the input RF power, and (b) when using a heated sample stage with an

input plasma power of 13 W.

Figures 4.9 (a) and (b) do not show the same degree of increasing intensities.

Thermal desorption increases the signal intensity from all the valine ions

except the [M-CH,O+H]" ion. However, increasing the power, which also

increases the temperature, has a more complicated effect on the ion intensities;

this increases the intensity of all the valine ions up to a point, with different
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ions reaching their maximum intensity at different powers. From this we
tentatively summarise that desorption is principally by a thermal process and
that the plasma power affects relative intensities through fragmentation and
ionisation mechanisms. We later prove that sensitivity is directly proportional

to vapour pressure.

4.3.2 Analysis of polymer substrates using PADI MS

As discussed earlier, the ability to analyse polymers in ambient conditions is of
great benefit in industrial applications. Four polymers, PTFE, PMMA, PLA,
PET, were analysed by PADI-MS using the optimal geometry settings from
Section 4.3.1. Of the four polymers, ions were detected from PMMA and PLA
in both positive and negative ion mode and from PET and PTFE only in the
negative ion mode, as shown in Figures 4.10 to 4.13. The major ion series from
each polymer in the positive and negative ion modes are displayed in Tables

4.1 and 4.2.

Initial experiments were made with thin films of polymer spun cast onto silicon
wafer substrates, which is common for SIMS analysis. However, it was found
that the conducting substrate affected the plasma and no ions were detected
from the polymer even though erosion clearly occurred. When a glass substrate
was used in place of the silicon then good mass spectra were acquired. This is
an important effect that needs to be considered in the context of industrial

samples, for example coatings on metal.
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Non-thermal desorption can occur via electronic excitation. However, in metals
and semiconductors, excitons (bound states of electron-hole pairs) have
extremely short lifetimes of less than 100 attoseconds. This means they
recombine too quickly to allow for effective desorption, leading to the inability

to detect any ions from these substrates.

Below we give a brief explanation of the ion series observed for each polymer:

4321 PTFE

The negative ion spectrum, shown in Figure 4.10, has four distinct ion series;
[CF + (CF2)n + OF, [CoF + (CF2)n + O3], [CF + (CF2)a] and [(CF2)n + C204H]
with the latter dominating above m/z 500. We were able to detect polymer
fragments up to m/z 1200; this is higher than those reported previously which
only reached m/z 900 [78]. The mass spectrum is similar to that obtained
previously with PADI [78], with the same ion series detected, although the ion
intensity distribution is slightly different; this could be due to the different
settings that were used for the two experiments. Thermal processes alone
cannot be responsible for the desorption of such large fragments of polymer. It
seems likely that bond cleavage followed by adduct ionisation is responsible.
We were not able to detect any ions from PTFE in the positive ion mode,
however positive ions have been observed when using glow discharge mass

spectrometry [160].
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Figure 4.10. Negative ion mass spectrum of poly tetraflurorethylene (PTFE)
using PADI-MS. Inset is the structure of PTFE. The PADI settings used are the
optimal ones described in Section 4.3.1.

4.3.2.2 PMMA

Positive ions were detected in the range m/z 300 — 500 as shown in Figure 4.11
(@) with fragments series with between 3 and 5 monomer units identified. It
appears that bond scission occurs with the loss of CH, from possibly both ends
of the fragment with subsequent ionisation by an oxygen adduct. The negative
ion spectrum is populated with fragment ions up to approximately m/z 600, as
shown in Figure 4.11 (b). The ions detected in the negative ion mode also show
that the polymer has undergone bond scission and large amounts of oxygen
adducts are also observed. Positively charged polymer fragments with oxygen
adducts have previously been reported [153] for atmospheric plasma mass
spectrometry. In the negative ion mode there are many peaks detected. These

are in repeating series consisting of 2-3 peaks, separated by CH, or O. These
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peaks are commonly polymer fragments that have lost odd numbers of
hydrogen atoms (H, Hs, Hs or H;) and gained oxygen (O, Oz up to O;). For
convenience of display without clutter, only selected ions have been labelled in

Figure 4.11 and included in Table 4.2.
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Figure 4.11. (a) Positive ion mass spectrum and (b) negative ion mass
spectrum of poly methyl methacrylate (PMMA) using PADI-MS. Inset is the
structure of PMMA. The PADI settings used are the optimal ones described in
Section 4.3.1.

88



Chapter 4 Effects and optimisation of analytical parameters (PADI)

4.3.2.3 PLA

Characteristic mass spectra are observed in both positive and negative ion
polarities as shown in Figure 4.12 with ions consisting of up to 6 repeat units
detected. We again observe the addition of oxygen and the loss of hydrogen in
the negative ion mode. In the positive ion mode the ions typically contain

nitrogen adducts.
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Figure 4.12. Mass spectra of poly(lactic acid) (PLA) using PADI-MS (a)
positive ion mode and (b) negative ion mode. Inset is the structure of PLA.
The PADI settings used are the optimal ones described in Section 4.3.1.
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4.3.2.4 PET

Again, like PMMA and PLA, the same trend is observed in the negative ion
mode: excess of oxygen and the loss of H or CH3. lons were only detected in
the negative ion mode; this is in contrast to Jecklin et al. [79] who detected

ions from PET in the positive ion mode using the FA-APGD.
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Figure 4.13. Negative ion mass spectrum of poly(ethylene terephthalate)
(PET) using PADI-MS. Inset is the structure of PET. The PADI settings used
are the optimal ones described in Section 4.3.1.
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Table 4.1. lons detected in the positive ion mode from PMMA and PLA

PMMA PLA
lon n Mass lon n Mass
M,-H+0O 3 315.1451 M,-C,0 +H5N 4 264.1088
4 415.1980 5 336.1295
M, - CH3+ O 3 301.1295 M,-C +H,N 3 220.0817
4 401.1823 4 292.1027
5 501.2350 5 364.1244
M,-CH;+0, |3 317.1245 M,+H4N 4 306.1196
4 417.1772 5 378.1401
5 517.2300 6 450.1614
M, - C3Hs 4 359.1715 M,-CO +H;N 3 206.1031
5 459.2243 5 350.1452
M,-CHs+0 |3 287.1137 M,+H,ON 2 178.0715
4 387.1665 3 250.0923
5 487.2193 4 322.1139
5 394.1351
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Table 4.2. lons detected in the negative ion mode from PTFE, PMMA, PLA
and PET

PTFE PMMA
lon n Mass lon n X Mass
(CF,),+C,04H 8 488.9625 M,-C3Hg+0O, 2 187.025
9 538.9593 3 203.0199
M,-C3H;+0, 2 1 173.0456
20 1088.9232 2 189.0406
21 1138.9198
CF+(CF,),+O 4 246.9811 M,-CH;+0, 2 2 213.0407
3 229.0357
9 496.9651 3 3 329.0878
10 546.9619 4 345.0827
5 361.0782
6 377.0731
4 6 477.1256
C,F+(CF,),+0; 2 190.9771 M,-C,H,+0, 2 1 185.0457
3 240.9741 2 201.0406
3 217.0356
9 540.9550 3 3 317.0822
CF+(CF,), 5 280.9830 M,-Hs+O, 2 2 227.0564
6 330.9798 3 243.0514
4 259.0464
9 480.9701 3 4 359.0989
6 391.0887
7 407.0835
F+(CF,), 5 268.9830 M,-H+C,0, 2 3 271.0828
6 318.9798 4 287.0778
5 303.0726
13 668.9573 3 6 419.1201
CF+(CF,),+0, 3 212.9791 M,-H3+C,0, 2 4 285.0621
4 262.9760 5 301.0566
3 7 433.0993
12 662.9504 8 449.0942
F+(CF,),+0; 9 516.9531 M,-Hs+CO, 3 7 419.0837
8 435.0786
18 966.9201 4 7 519.1359
M,-H3+C;50, 4 8 561.1465

92




Chapter 4 Effects and optimisation of analytical parameters (PADI)

PLA PET

lon n Mass lon Mass

M,+0O-H 1 87.0081 M;-CgHs +0O, 130.9981
2 159.0294 (x=1,2) 146.9932
3 231.0510
4 303.0722 M;-CsHs +0O, 158.993
5 375 0932 (x=2,3) 174.988

M,+0,-H 2 175.0246 M;-C4Hs +0O, 218.9778
3 247.0459 (x=5,6) 234.9727
4 319.0670
5 391.0882
6 463.1093

M,+0,-CH3 2 161.0087 M;-C,H; +0O, 260.9885
3 233.0302 (x=6,7,8) 276.9833
4 305.0515 292.9783
5 377.0725
6 449.0936

M,+0,N 2 222.0251 M;-CH +0O, 306.9944
3 294.0467 (x=8,9) 322.9887
4 366.0677 M;-H+0, (x=9,10) 334.9887
5 438.0888 350.9835

The polymers were analysed using a range of RF powers, from 13 to 28 W, to
see the effects on fragmentation and sensitivity. For this, the polymers were
only analysed in the negative ion mode and a fresh spot on the polymer sample
was analysed each time. An example for PMMA is shown in Figure 4.14. Here,
the ion intensity is very low at 13 W and then it increases as the power
increases. The initial rise occurs between 16 and 22 W dependent on the size of
the fragment with smaller fragments increasing at lower powers, 16 W, and
larger fragments beginning to increase in intensity at 22 W. Similar behaviours
were observed for the other materials with signal intensities rising with RF
power and larger ions requiring higher powers for detection. We summarise
this behaviour for each material in Figure 4.15 by plotting the power required
to achieve 50% of the maximum intensity against the mass of each ion. The

data are compressed around 25 W as our maximum power used was 28 W but
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the trends are clear. It is clear that RF powers > 23 W are required to detect

higher mass ions. This is equivalent to a surface temperature of approximately

100 °C.
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Figure 4.14. Variation of signal intensities for five PMMA ions analysed in the
negative ion mode, with changing plasma power. The PADI geometry settings

used are the optimal ones described in Section 4.3.1.

The glass transition temperatures of the four polymers are 117 °C, 105 °C,
60 °C and 72 °C for PTFE, PMMA, PLA and PET respectively. However, the
melting temperatures of all four polymers are above 150 °C and therefore the

power needs to be kept below 28 W.
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Figure 4.15. Plasma power at which ions of different mass reach 50% of their

maximum intensity for the four polymers analysed, in negative ion mode.

4.4 Conclusions

In this study we use a model system of a valine overlayer on glass to
investigate the effects of the principal parameters on the spectral intensity;
namely the plasma to surface distance, z, plasma to “sniffer” distance, y, the
angle of the plasma from the surface normal, & and the RF power, P. We
recommend values of z = 2 mm, y = 7 mm and & = 0° for this particular
experimental system. The power, P, significantly affects the absolute and
relative ion intensities with the protonated molecular ion maximising at higher
plasma powers than other fragment ions. Control of P could be used to select
the amount of fragmentation in the spectrum with, counter-intuitively, less
fragmentation at higher P. The temperature of the surface in contact with the

plasma is measured using thermal imaging. This shows an approximately
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Gaussian distribution at the surface with a full-width at half-maximum of
approximately 3 mm, which is independent of plasma power. The surface
temperature is shown to increase approximately linearly with P, and at 25 W is
equal to 110 °C. We show, using a temperature controlled stage and a low
value of P equivalent to a surface temperature of 35 °C, that the behaviour of
signal intensities with P does not result simply from surface heating alone but

must be caused by other plasma mechanisms.

The relative standard deviation of the signal intensities is found to be
approximately 7% which results from the PADI source and not the mass
spectrometer. Improvements to the design are being developed to achieve

better stability, which is necessary for analytical use.

We demonstrate the effectiveness of PADI for the analysis of four industrially
relevant polymers: PTFE, PMMA, PLA and PET. Characteristic “fingerprint”
mass spectra are detected, generated through bond-cleavage and oxidation
mechanisms. We postulate that the mechanism is firstly a bond scission process
followed by thermal desorption. The spectra are interpreted using the high
mass accuracy (< 3 ppm) and mass resolution (~100,000) of the Orbitrap™
mass spectrometer and the key peaks tabulated for reference. We show that the
size of the emitted ions depends on P with larger fragments at higher values.
This behaviour is similar for each of the four polymers and generally P > 23 W
is required for the analysis of larger fragment ions though care needs to be

taken not to exceed the melting point of the polymer.
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Chapter 5
The importance of sample form and surface

temperature for analysis by PADI

5.1 Introduction

In the previous chapter, results were presented on the optimisation of PADI. It
was found that sample temperature is an important parameter and we now
study this in depth as well as the effect of sample form. Many different types of
samples have been analysed in the literature using plasma based ambient mass
spectrometry sources, however, comprehensive studies of the important
parameters for analysis are only just beginning. Here we investigate the effect
of the sample form and surface temperature on the signal intensities in plasma

assisted desorption ionisation (PADI).

It has been observed that molecules of lower volatility are more difficult to
analyse using plasma-based techniques. There are generally two different
routes to enhance the desorption and/or ionisation of these analytes, although
most of these methods involve increasing the temperature of the sample. The
first of these routes is integral to the source design; in DART, the carrier gas
can be heated up to 500 °C and is typically operated at 200 °C, which

facilitates the desorption of many types of analyte. Desorption corona beam
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ionisation, DCBI, also uses a heater to increase the helium gas temperature up
to 450 °C; generally a temperature of at least 150 °C is required for successful
analysis indicating that thermal desorption plays a major role [83]. It has been
shown that the separation of compounds due to their volatility can be achieved
by steadily increasing the temperature of the gas [83], and this has also been
shown using DART [161]. Other plasma sources, such as the microwave-
induced plasma desorption/ionisation source, MIPDI [57], increase the sample
temperature by increasing the power of the plasma. However, sources such as
the LTP are generally limited to much lower temperatures, typically 30 °C
[20], therefore additional means are required to enhance the desorption. Several
groups have reported combining LTP with sample substrate heating to enhance
desorption for e.g. drugs of abuse [62] where the limit of detection was
improved by at least an order of magnitude when the sample was heated to ca.
100 °C. The detection of explosives has proved difficult using the conventional
LTP source; increasing the sample temperature using a heat gun [50] or
localised heating of the sample using a non-contact halogen lamp [64] have
enhanced the sensitivity for the detection of explosives, PETN, TNT, RDX,
HMX and tetryl. Sample heating has also improved the analysis of petroleum
crude oil samples [63]. In the DART source, although there is integral heating
through the carrier gas, a method has been developed to rapidly vaporise
samples using a heated metal sample grid [162], which provides a temperature
rise to 350 °C in less than 15 seconds. Two additional desorption methods, a
continuous-wave diode laser and a heating block, used in conjunction with the
DBDI plasma jet, were compared for the analysis of non-volatile compounds

[75]. When analysing a range of pharmaceuticals and pesticides, the analyte
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response was almost always greater when using the diode laser rather than the
heated substrate. Other thermally assisted methods exist, such as Leidenfrost
phenomenon-assisted thermal desorption (LPTD) coupled to DBDI [163]. This
has been used to analyse non-volatile molecules morphine, cocaine, therapeutic
drugs, melamine and a peptide. Flash desorption has also been used in
conjunction with DBDI [61]. Here, a filament delivers a high temperature for a
very short time to the sample to desorb it. The addition of 0.9% hydrogen to
the helium gas used in a DBDI plasma was also shown to increase signal
intensities by a factor of 10 for caffeine [164], although this improvement in

desorption is presumed to be from non-thermal mechanisms.

The physical state of the analyte for ambient plasma analysis has not been as
thoroughly investigated. Gases, liquids and solids have all been analysed but
authors have been less specific about how the form of the sample affects
analysis. However, recent studies by Chan and Nah [165, 166] have shown that
when analysing submicron organic aerosols, the particle size, and most
importantly surface area, have an effect on the relative signal intensities, with

smaller particles having a higher relative signal intensity.

From the literature, we can see that volatility and thermal desorption can play
an important role in ambient mass spectrometry. Conversely, mass
spectrometry has also been used to measure the vapour pressure and heat of
sublimation values of several dicarboxylic acids using the atmospheric solids

analysis probe (ASAP) [167]. This utilises the mass spectral intensities to
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measure the evaporation rate of the molecule when increasing the analysis

temperature.

Here we investigate two different aspects that are important for PADI analysis,

namely the sample form and the effect of additional sample heating.

The objectives of this chapter are:
e To understand how signal intensities vary with vapour pressure, for
samples in both powder and thin film form.
e To enhance signal intensities using thermal desorption, especially for

the analysis of molecules with lower vapour pressures.

5.2 Experimental Section

5.2.1 Samples

Samples in the solid form of methyl paraben, stearic acid, phenylalanine,
cholesterol, leucine, (Sigma Aldrich, Poole, UK), Irganox 1098 and Irganox
3114 (CIBA, Macclesfield, UK), were prepared as thin films or as powder on
glass slides. The thin film samples were prepared from a solution consisting of
between 2 and 15 mg ml™? and several 2 pl aliquots were deposited onto
cleaned glass slides (Superfrost, Thermo Fisher, UK) and left to dry at room
temperature. This resulted in a thin film of the molecule on the glass slide. The
time dependence of selected mass fragments shows no dramatic decrease
within the analysis time, indicating that we are not consuming the entire dried

aliquot. We can therefore be sure that the differences observed in the intensities
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that are discussed in the results section are not a result of varying amount of
substance. Powder samples were prepared by placing the as received powder
on to double-sided sellotape, itself placed on a glass slide. This is to stop the
powder being blown around the surface by the PADI gas flow. The powder
samples had a uniform coverage of greater than 90% on the surface measured
by optical microscopy. The powders had a wide distribution of particle sizes,
between 2 and 200 um, dependent on the analyte; for Irganox 1098 and
Irganox 3114 the sizes were between approximately 2 and 20 um and for the
other analytes the sizes were between approximately 20 and 200 pm. The size
distribution is non-uniform and includes crystals and agglomerates. These
ranges of particle sizes were determined using optical microscope images of
fresh samples. Liquid samples of geraniol (Sigma Aldrich, Poole, UK), benzyl
salicylate, triethanolamine and linoleic acid (Alfa Aesar, Heysham, UK) were

also prepared into solutions and deposited onto glass slides.

5.2.2 PADI

The PADI set up is explained in detail in the previous chapter [168]. The
power setting used for all the experiments in this chapter is 13 W. Helium gas,
99.996% pure (BOC, Guildford, UK), is used as the discharge gas. The helium
flow rate is controlled via a flowmeter (Cole-Parmer, London, UK), and a flow
rate of 820 ml min™ was used [156]. This generates a plasma region that

extends up to 2 mm from the tip.
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5.2.3 Mass spectrometer

A Thermo Scientific LTQ-Orbitrap™ Velos mass spectrometer was used in
both positive and negative ion modes. MS? and MS® were used to confirm the
identity of ions where necessary. The mass spectrometer was programmed to
collect up to a maximum Orbitrap™ injection time of 500 ms, using an AGC
(automatic gain control) setting of 5 x 10°. All data were acquired using the
Orbitrap™ mode with the highest resolution setting of 100,000 (at m/z 400).
The capillary temperature was set to 200 °C. The standard ion transfer tube
was replaced with an extended version. Samples were placed on a 2-axis stage
(Prosolia, Indianapolis, IN, USA). All data were recorded after the plasma was
switched on for 1 minute. Mass spectra were acquired for 1 minute and all data
plotted are for the integrated signal over this time interval. Three repeat

measurements were taken for each data point.

5.2.4 Temperature measurements

Thermal imaging of the plasma system was performed using a FLIR systems
InfraCAM thermal imager (West Malling, Kent, UK). The measurements
discussed in the results section are the temperature at the centre of the analysis
spot on the surface, which is also where the temperature was highest. Data
acquired from the camera were analysed using FLIR systems ThermaCAM ™
Researcher Pro 2.9 software. The emissivity of the glass sample (0.92) was
taken into consideration when calculating the temperature. The same heated

sample stage discussed in Chapter 4 was used.
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5.3 Results and discussion

5.3.1 The importance of sample form

As mentioned in the introduction, many different molecules have been
analysed in the past by ambient plasma mass spectrometry, some of these were
very successful; however there are certain classes of molecules that have not
been analysed with success. It is vital to understand what types of molecules
can be analysed effectively by PADI and the important parameters for this
analysis. One of these is the form of the sample. We have observed that it is
possible to get signal from a variety of analytes when they are in powder form,
even at low plasma power. However when the same molecules are deposited in
a thin film on a glass slide, either by thermal evaporation or deposited aliquots,
then it is sometimes difficult to detect any characteristic ions. Since this is
clearly a major issue for an analytical technique we conducted a systematic

study.

PADI mass spectra were acquired from the solids in Table 5.1 as both thin film
and powder samples. A low plasma power, 13 W, was used which corresponds
to a surface temperature of approximately 37 °C. Figure 5.1 (a) shows the
signal intensity for a characteristic ion, given in Table 5.1, for the thin film and
powders as a function of the vapour pressure of the molecule, at 25 °C, on a
log-log scale. The signal intensity plotted is the integrated signal for 60 s.
Firstly, it is clear that there is an approximately power law relationship

between the intensity, I, and the room temperature vapour pressure, Vs, given
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in Equation 5.1. This strongly indicates that thermal desorption will be
necessary to achieve reasonable signal intensities from low vapour pressure
substances.
1=4v,%  (5.1)

For powders A= 2.35 x 10% counts Pa™, b = 0.28, for thin films A= 5.32 x 10’
counts Pa™, b = 0.52. It should be noted that the power law relation for thin
films excludes cholesterol, point H in Figure 5.1 (a). An explanation of the
relatively low intensity of cholesterol is given later. Secondly, it is clear that
the signal intensity is significantly higher for powders than for thin films. The
enhancement increases with reducing vapour pressure and is 5000 for Irganox
3114 (K). For typical analytical conditions, approximately 10> counts
integrated over 1 minute acquisition are required to give a sufficiently good
quality spectrum. With this condition, it means that only substances with a
vapour pressure greater than 10™ Pa can be analysed as thin films. However, all
the substances in Table 5.1 could be successfully analysed in the powder form.
In these samples, the range of powder sizes is large, between 2 um and 200 um
as noted in the experimental section, with the Irganox powders being the
smallest (2 to 20 um). Even though their sizes and range are much smaller,
data for the Irganox powders are still included as they have a much lower
vapour pressure than the other molecules analysed. It is possible that the
surface area of the powder may affect the signal intensity, but we are not able
to deduce a correlation from this data between particle size and the signal
intensities observed in Figure 5.1 (a). A more detailed study of how the particle

size affects the signal intensity will be part of a further investigation.
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Table 5.1. Molecules analysed in this study and their physical properties

Molecul Label in Monoisotopic | Vapour pressure, Pa | Sample form at room | Characteristic ion used in
olecule
figures mass, Da at 25 °C (V2s) temperature, 25 °C this study
Geraniol 154.1358 4.00° Liquid [M-H]*
Methylparaben B 152.0473 0.11° Solid [M+H]"
Benzyl salicylate C 228.0786 2.40 x107°° Liquid [M+H]"
Triethanolamine D 149.1052 479 x 1072 Liquid [M+H]"
Linoleic acid E 280.2402 1.16 x 102 Liquid [M-H]"
Stearic acid F 284.2715 9.63 x 10°° Solid [M-H]
Phenylalanine G 165.0790 3.49 x 107" Solid [M+H]"
Cholesterol H 386.3549 2.39 x 107" Solid [M-OHT*
Leucine | 131.0946 7.36 x107° Solid [M+H]"
Irganox 1098 J 636.4866 1.20 x 107?¢ Solid [M+H]"
Irganox 3114 K 783.5186 7.00 x107°°¢ Solid [M+H]"

Notes: ® experimental database value, ° calculated using the modified Grain method, © from technical datasheet
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Figure 5.1 (b) shows the ratio of intensity in powder to thin film form as a
function of the vapour pressure at 25 °C on a log scale. The molecules that
have higher vapour pressure, such as methyl paraben (B) (vapour pressure 0.11
Pa) have very similar signal intensities in the two forms. However, as the
vapour pressure of the molecule decreases the ratio of the signal intensity of
the powder and the thin film starts to increase dramatically. Generally an
enhancement of greater than 107 is observed. This ratio is always greater than 1
as the signal intensity for the powders is always higher than that of the thin
films. Interestingly, cholesterol has a much greater signal enhancement; the
signal intensity is over 10° times greater than thin film form. From Figure 5.1
(@) it is clear that the signal intensity for cholesterol in thin film form is around
10° times lower than would generally be expected for molecules with this
vapour pressure. It would appear that the change in substance form has

recovered this signal.
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Figure 5.1. (a) Variation of the signal intensity, integrated over 60 s, for a

series of molecules with differing vapour pressures analysed at room

temperature as thin films (squares) and powder (triangle). The molecules are

labelled as indicated in Table 5.1. Vapour pressures quoted are at 25 °C and are

listed in Table 5.1. Fits to the points are made using a power law given by
Equation 5.1. N.B. the fit for the thin film excludes cholesterol (H). (b) Ratio of

the intensity for substances in powder and thin film form at room temperature.

The strong effect of vapour pressure on the signal intensity indicates that the

principal desorption mechanism is likely to be thermal and we investigate this
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effect in more detail later. It is therefore expected that powders, as they have a
much higher surface area, heat up more rapidly and there is also a larger
amount of surface molecules that can be desorbed. A similar result was
observed by Chan et al.[165]; firstly, that the signal intensity from aerosols
increases with decreasing size when analysing with the same DART gas
temperature; and secondly, that the intensity increases when the vapour
pressure of the aerosol is also increased when analysing at a given gas

temperature.

The vapour pressure, or pressure difference Ap, can be correlated to the radius
of a particle via the Young-Laplace equation:
ap==% (52
Where r is the radius of a particle and y is the surface tension. Equation 5.1
describes how the signal intensity is proportional to vapour pressure and by
substituting this into Equation 5.2 we now have a relationship between
intensity and radius:
I Vyxr™l (5.3)
As discussed above, the effect of vapour pressure on the signal intensity
indicates that thermal effects dominate the desorption process. It is also
possible that exciton-induced desorption can occur and this is a non-thermal
effect. For this case, the signal intensity is proportional to the square of the
radius:
Ixr? (5.4)
By examining how the signal intensity varies with particle radius, we can begin

to understand if thermal or non-thermal processes dominate desorption.

108



Chapter 5 The importance of sample form and surface temperature (PADI)

However, due to the limited range of particle sizes analysed in this study, we
are not able to provide a clear correlation between the radii and their
corresponding intensities. A future study analysing a wider range of particle

sizes would enable us to further understand desorption/ionisation processes.

The vapour pressure is increased by heating the sample and this provides a
means to analyse a wider range of molecules with PADI. To study the effect of
temperature on signal intensity, we used a heated sample stage with the PADI
source set a low power of 13 W, to reduce additional heat of the substrate to
approximately 37 °C. Three molecules spanning a wide range of vapour
pressures were analysed in both sample forms to study the effect of sample
temperature. These molecules are methyl paraben, phenylalanine and Irganox
3114 with vapour pressures of 0.11 Pa, 3.5 x 10®° Pa and 7 x 10 Pa

respectively.

Figure 5.2 (a) shows the effect of increasing the temperature from 37 °C to
190 °C for phenylalanine, resulting in around 5 orders of magnitude increase in
signal intensity for the thin film form and 3 orders of magnitude for the powder
form. For the thin film form the intensity reaches a maximum at 150 C,
whereas the powder form has a plateau at the same intensity from
approximately 125 °C. The melting point of phenylalanine is 283 °C. In Figure
5.2 (a), we also show how the vapour pressure of phenylalanine varies with
temperature. This is calculated using the integrated form of the Clausius-

Clapeyron equation [169] given in Equation 5.5:

Vr = Vp<e ™ where y = (AS“—”H (l - i)) (5.5)

R T T*
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where Vr« is the vapour pressure at temperature, T*, V1 is the vapour pressure
at temperature, T, R is the gas constant and AgpH is the enthalpy of sublimation
of phenylalanine, 154 kJ mol™ [170]. This gives an approximate value for the
vapour pressure as function of temperature, assuming that the enthalpy of
sublimation is independent of temperature over the temperature range analysed.
We observe in Figure 5.2 (a) that the calculated vapour pressure is strongly
correlated with the [M+H]" intensity from the thin film sample. Therefore we
can express the signal intensity variation with temperature as a function of the
vapour pressure at that given temperature, given by Equation 5.6:
I(T) = 2 x 106 2926 (5.6)

Here the vapour pressure, Vr, is also a function of temperature and is given in
Equation 5.5. This equation can be applied from room temperature up to
150 °C. Above 150 °C the signal intensity plateaus rather than increasing in
line with the modelled vapour pressure. We suggest that this is caused by a
limitation in the concentration of chemical ionisation precursor in the gas

phase.
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Figure 5.2. Intensity of [M+H]+ from (a) phenylalanine (plotted as “G”
elsewhere) and (b) methyl paraben (plotted as “B” elsewhere), as a function of
sample temperature for both thin film and powder forms. Also plotted is the

variation of vapour pressure with temperature calculated using Equation 5.5.

The signal intensities also increased when the sample temperatures of methyl
paraben and Irganox 3114 were increased. For both substance forms of methyl
paraben, additional heating resulted in only one order of magnitude increase in
intensity, as shown in Figure 5.2 (b). The temperature at which the maximum

intensity is reached, 140 °C, and also the intensity at this temperature, is almost
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the same for both sample forms. The melting point of methyl paraben is
127 °C; melting of the powder and thin film is observed when the temperature
of the sample is raised above 120 °C. The variation of vapour pressure with
temperature was also calculated for methyl paraben using Equation 5.5. The
signal intensities for methyl paraben plateau above 75 °C. We can rewrite
Equation 5.6 for methyl paraben:
I(T) = 6x108 V2737  (5.7)

However, this relation can only be applied between 40-60 °C as the signal
intensities do not correlate with the vapour pressure values above 60 °C. Figure
5.2 (b) shows that we cannot always express the signal intensity as a function
of temperature-dependent vapour pressure. Due to the limited range of
molecules studied here, we are not able to deduce if this is an effect of the

molecular properties or ionisation effects.

Irganox 3114 shows an even greater magnitude of increase in intensity when
the sample is heated from 37 to 200 °C, with the signal intensity of the powder
sample increasing by 3 orders of magnitude and thin films by almost 7 orders
of magnitude. A temperature of 120 °C is needed to obtain the same signal
intensity for the thin film as the powder sample at room temperature. A value
for the enthalpy of sublimation is not available in the literature for Irganox
3114, we are therefore unable to calculate how the vapour pressure varies with

temperature.

The signal enhancement, E, is defined as the ratio of the maximum and

minimum intensities and values of this for the three molecules are given in
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Table 5.2. The general trend shows a strong increase in E as the vapour
pressure reduces and the effect is suppressed for the powders. It is very evident
that both sample form and vapour pressure have a substantial effect on the
sensitivity and this can be mitigated by increasing the sample temperature.
Additional heating increases the signal intensity for both powders and thin
films, due to the increase in desorption of the analyte into the gas phase
enabling ionisation of a larger amount of material by the plasma source. It
should be noted that when the plasma is turned off but the heated stage remains
on, no ions are detected; therefore we can be sure that it is the plasma that

ionises the analyte.

Table 5.2. The signal enhancement E defined as the ratio of the maximum and
minimum intensities, gained by heating of the sample for methyl paraben,

phenylalanine and Irganox 3114.

Methyl paraben | Phenylalanine Irganox 3114
Vapo”('{/p;essure 0.11Pa 3.49 x105Pa | 7.00 x 102 Pa
25
E (Powder) 10 1500 1200
E (Thin film) 20 3 x10° 8 x 10°

5.3.2 Analysis using a heated sample stage

We have now established that the vapour pressure and form of a substance are
critical parameters for PADI sensitivity. We now study in more detail the effect
of sample temperature using the same experimental arrangement for analytes in

thin film form only.
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From Figure 5.1, we can see that there will be a great range of molecules that
cannot be effectively analysed under low temperature conditions. For their
analysis extra methods must be undertaken to aid desorption/ionisation.
Therefore, a heated sample stage was used with a low plasma power, 13 W, so
that the heating from the plasma was minimal. As shown in the previous

chapter [168], the sample temperature increases linearly with plasma power.

Figure 5.3 shows the data of Figure 5.1 for thin films with no sample heating
together with their intensities at 80 °C, 114 °C and 144 °C. Fits of Equation 5.1
to the data are also plotted to show the general trend, although the distribution
Is quite scattered especially at lower temperatures. The vapour pressure values
plotted are those given in Table 5.1 and are at 25 °C and not the vapour
pressure at the analyses’ temperature. In addition to the data of Figure 5.1 we
also include the four molecules which are liquid at room temperature, listed in
Table 5.1. Characteristic ions, given in Table 5.1, were observed from geraniol,
triethanolamine and benzyl salicylate when there was no additional heating
provided. The signal intensity for these analytes was greater than 10’ counts for
one minute of integrated signal. These molecules have relatively high vapour
pressure, greater than 4 x 10 Pa at 25 °C. Conversely, the intensity of the
characteristic ion from the fourth liquid analysed, linoleic acid, which has a
vapour pressure of 1.2 x 10 Pa, were two orders of magnitude lower at 10°
counts. This implies that both vapour pressure and class of molecule have an
impact on the success of analysis. For most of the analytes analysed, the most
intense ion detected was the molecular ion, [M+H]". However for some ions,

the [M-H]" was the most intense. The ion used for analysis is noted in Table
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5.1. In this study the dominant ion observed for cholesterol is [(M+H)-H,0]",
the [M+H]" is not detected when cholesterol is analysed as a powder. This may
be attributed to its low proton affinity which has also made it difficult to
analyse using other mass spectrometry techniques such as DESI [171] and
MALDI. Other ions were also detected from the analytes; these included [M-
Hs0]" which was detected from geraniol and triethanolamine, the immonium
ion [M-HCOOH+H]" from the amino acids phenylalanine and leucine, and
oxygen adducts were detected from methyl paraben, linoleic acid and Irganox
1098. The hydride abstraction peak [M-H]" was detected for geraniol, linoleic

acid and cholesterol. This has also been observed with DART [30].
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Figure 5.3. Variation of the signal intensity for a series of molecules with
differing vapour pressures analysed at four different sample temperatures, 37,
80, 114 and 144 °C. The molecules are labelled as given in Table 5.1. All
vapour pressure values are for 25 °C. Fits of Equation 5.1 are given to guide

the eye.

These results are in agreement with previous work published on the PADI

analysis of personal care products and their components [156]. The molecules
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detected in that study, siloxanes and phthalates, have vapour pressures greater

than 10™ Pa.

The general relationship between vapour pressure and signal intensity,
Equation 5.1, appears to be valid for both solid and liquid states. It is clear
from Figure 5.3 that as the temperature of the sample is increased the signal
intensity of the analyte also increases. The index, b, of Equation 5.1 depends
on temperature and it is shown that the relative change in intensity is dependent
on the vapour pressure of the analyte. The additional heated sample stage aids
the desorption of the analytes, increasing the signal intensity for all the

molecules analysed in this study.

In Figure 5.3 we observe that at the two lower temperatures, 37 and 80 °C, the
group of analytes D-H do not follow the same general trend as given by the fits
to Equation 5.1. These analytes are more strongly affected by vapour pressure
at lower temperatures. Figure 5.4 shows the stronger dependence on vapour
pressure of the analytes D-H at 37 and 80 °C. It is not known why the

dependence is stronger but a clear power law dependence is observed.
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Figure 5.4. A subset of the data from Figure 5.3 showing the variation of the
signal intensity for a series of molecules, D-H as given in Table 5.1, analysed
at two different sample temperatures, 37 and 80 °C. All vapour pressure values
are for 25 °C.

In the previous chapter we showed the effect of sample temperature on four
characteristic positive ions from valine [168]. There, the intensity of [M+H]"
increased approximately exponentially, whilst, for example, the [M-CH,O+H]"
ion was approximately constant. In Figure 5.5, we show similar plots from this
study of benzyl salicylate and Irganox 3114 with an increased temperature
range up to 200 °C. Similar effects are observed with the low vapour pressure
substance, Irganox 3114, where a maximum is observed above 165 °C. For
benzyl salicylate, with a room temperature vapour pressure of 2.40 x 107 Pa, a
maximum is reached at 75 °C. We postulate that the limiting factor at higher
surface temperatures is the concentration of chemical ionisation precursor in
the gas phase, and this limits the amount of sample that can be ionised hence
reaching a maximum in the signal intensities. For almost all of the molecules

analysed, the characteristic ions follow similar trends to the molecular ion for

117



Chapter 5 The importance of sample form and surface temperature (PADI)

that molecule, as is the case for Irganox 3114 in Figure 5.5 (b). Benzyl

salicylate, Figure 5.5 (a), is an exception to this trend.
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Figure 5.5. Variation of signal intensity with increasing sample temperature
for (a) the M™ and [M+H]" ions of benzyl salicylate and (b) the M*, [M+H]"
and [M+NH,4]" ions of Irganox 3114.

In this study, we find that signal intensities above approximately 10'° counts
are not observed. For example, the maximum intensities for both forms of

phenylalanine coincide in Figure 5.2 (a), and in Figure 5.3, methylparaben (B)
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and triethanolamine (D) which are substances with high vapour pressure, and
high signal intensities, exhibit no increase in intensity with temperature after
reaching a plateau as shown in Figure 5.2 (b). All injection times in this study
were below 500 ms (maximum injection time) and were generally less than 100
ms. The AGC compensates the signal intensities dependent on the injection
time determined by a pre-scan carried out before each scan is acquired. The
minimum injection time did not go below 0.5 ms for the data acquired;
therefore saturation effects seen in the intensities later in Figures 5.2 and 5.5
are not due to reaching a limit in the capacity of the Orbitrap™, as the
minimum injection time that can be used to fill the Orbitrap™ is below 0.01
ms. In a further test, the signal into the mass spectrometer was reduced by
increasing the distance from the plasma source to the sniffer [168]. This
reduces the signal without affecting the plasma-surface interaction. Figure 5.6
shows the plateau is still observed for triethanolamine with a threefold
reduction in signal intensity. We conclude that this is not an instrumental effect
of the mass analyser or transfer inlet but that the intensity is limited by the

concentration of chemical ionisation precursor in the gas phase.
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Figure 5.6. Intensity of [M+H]" from triethanolamine (plotted as “D”
elsewhere) as a function of sample temperature. The data were acquired at two
different plasma-sniffer distances, 7 and 16 mm. These data were taken with
the AGC (automatic gain control) setting off and a fixed ion injection time of
0.8 ms. The data were acquired for 1 minute and the intensity plotted is the
integrated signal over that analysis time.

5.4 Conclusions

In this chapter we have shown that the vapour pressure strongly affects the
sensitivity of plasma-assisted desorption ionisation, PADI. The relationship
between vapour pressure and temperature is given by the Clausius-Clapeyron
equation and has a good correlation with measured signal intensities. It is also
found that the form of the sample is of great importance with powders having
up to 4 orders of magnitude higher signal intensity compared with a thin film.
This effect depends strongly on the vapour pressure and the relationship is
defined. This is attributed to the larger surface area of powders. It is vital to

know the analytes for which the technique is effective and how to improve the
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detection for those analytes which are not successfully analysed under normal
operating conditions. When the plasma is operated in a low sample temperature
mode, i.e. 37 °C, the vapour pressure of the analyte strongly influences the
signal intensity. Thin film samples require a vapour pressure of greater than
10™ Pa for analysis at room temperature. However if the sample is in a form
that can be easily converted into the gas phase, such as a liquid or a powder
(where the plasma can heat the sample in localised spots) then a greater range
of samples can be analysed. Thermal desorption is clearly a dominant
processes in PADI. We have shown that using a heated sample stage we are
able to increase the signal intensity by up to 6 orders of magnitude for thin
films and 3 orders of magnitude for powder samples. It is also shown that there
is saturation in signal intensity that may be caused by a limitation in the

concentration of chemical ionisation precursor in the gas phase.
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Chapter 6
Analysis of personal care products on fixed
fibroblast cell surfaces using DESI and

PADI ambient mass spectrometry

6.1 Introduction

Two ambient ionisation techniques, desorption electrospray ionisation (DESI)
and plasma-assisted desorption ionisation (PADI), have been used to analyse
personal care products (PCPs) on fixed fibroblast cell surfaces. The similarities
and differences between the two techniques for this type of analysis have been
explored in various ways. Here, we show the results of DESI and PADI
analysis of individual PCP ingredients as well as the analysis of these as
complex creams on fixed fibroblast cell surfaces, with minimal sample

preparation.

Direct detection of small molecules from skin is an important requirement of
product development for novel health and personal care products (PCPs). For
example, aiding in the understanding of adsorption and efficiency of skin care
products or reduction of natural malodours using deodorants. Traditionally,
mass spectrometry analysis of personal care products has been largely

dominated by LC and GC-MS [172-174]. These techniques involve complex
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and laborious extraction and separation procedures, which target a specific
molecule of interest. Ambient surface mass spectrometry offers a faster

alternative to this with minimal sample preparation and imaging capability.

DESI and PADI, inter alia, have both been shown to have the possibility for in
vivo analysis, with a number of preliminary experiments mainly focussed on
homeland security and forensic analysis. A classic experiment was initially
performed by Cooks et al. analysing the finger of a person who had taken 10
mg of the over-the-counter antihistamine drug Loratadine, showing the rise and
fall with time of the molecule at the skin surface [7]. DESI sampling of human
skin spiked with explosives was able to detect ng amounts, even from within
complex mixtures doped directly onto the skin [133]. A similar experiment,
with an illicit mixture of prescribed drugs (d-methamphetamine, cocaine,
diacetylmorphine) doped onto human skin, clearly detected each drug within
the mixture even when sampled with non-proximate (1 m from the MS) DESI
directly from the skin [175]. One of the best examples of direct skin analysis
with PADI showed the detection of ibuprofen from skin after application of
ibuprofen gel [19]. In addition, desorption atmospheric pressure chemical
ionisation (DAPCI), which uses plasma ionisation, was able to detect nicotine
and urea direct from the skin of a smoker [158], and LTP was used to detect
cocaine from a human finger [20]. Other ambient mass spectrometric
techniques that have been used to look at skin are secondary electrospray
ionisation (SESI), where skin volatiles such as fatty acids were detected [176],

and extractive electrospray ionisation (EESI) [177, 178]. These promising
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results suggest possible success for similar applications of PCP creams, gels
and deodorants.

Personal care products are in regular use by consumers and require thorough
toxicology and safety testing. Traditionally, PCPs are assumed to stay on the
surface of the skin, however it is increasingly thought that penetration may
occur requiring a method to test penetration effectively, preferably without the
use of animal testing. Presently, in vitro tests are carried out which involve the
use of either dead skin that is devoid of metabolic activity, which may be
important for substance penetration, or skin stripping [179-181]. Skin stripping
relies on the efficacy to quantitatively remove the stratum corneum and
assumes that no PCP residues remain within the living skin. However, studies
show that this technique is unable to remove all residues on the skin,
distinguish between residues on and within the skin, and tends to overestimate
systematic exposure [182]. A non-invasive direct analysis approach would
allow in vivo analysis, enabling a modern analytical approach, rather than the
crude skin stripping methodologies. One of the most widely used ingredients of
PCPs are organosiloxanes and it is therefore important to develop methods for
detection and imaging their distribution on skin. In addition, the determination
of organosiloxanes in PCPs is important in evaluating and characterising
human exposure [172]. At present, methods to measure skin penetration of
siloxanes may be inefficient, therefore a simple method to scan in vivo
penetration is important. Here, we begin a preliminary study towards a future
direct non-invasive in vivo analysis by studying the outermost surface of the
PCPs on fixed fibroblast cells, to investigate the use of ambient mass

spectrometry methods such as plasma-assisted desorption ionisation (PADI) or
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desorption electrospray ionisation (DESI) mass spectrometry, as a first step to

fulfil this analytical requirement.

The objectives of this chapter are to use DESI and PADI for:
e The analysis of individual personal care product ingredients.
e To analyse complex skin creams in their native state and compare the
different chemical information obtained.
e The analysis of fibroblast cell surfaces, examining the damage that the

sources cause to the cells.

6.2 Experimental Section

6.2.1 Cells

Human dermal fibroblasts (HDFa) isolated from adult skin were bought from
Invitrogen (UK). These cells were grown in growth medium 106 supplemented
with low serum growth supplement (LSGS), 10 ug ml™ gentamicin and 0.25 pg
ml™ amphotericin B (Invitrogen (UK)). Cells frozen and stored in liquid
nitrogen were thawed and warmed to 37 °C. The complete growth medium,
listed above, is added drop wise and the cell suspension mixed thoroughly.
This cell suspension was then transferred into a 25 cm® culture flask and fresh
medium added to the flask. Cells were incubated at 37 °C, 5% CO, and 95%
air humidity. Once the cells were confluent, they were detached from the
culture flask by using 0.025% trypsin / 0.01 % EDTA solution (Invitrogen,

UK). HDFa cells harvested according to the above procedure were seeded at

20,000 cells per well in Nunc LabTek Il 2-well chamber slides (5000 cells cm’
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%) for the analysis. At confluence (typically 7 days post-seeding) the cell
culture medium was removed and the cells were washed with PBS. The cells
were then fixed with ice-cold methanol for 10 minutes and then allowed to air
dry. Stocks of the fixed HDFa cells on microscope slides were stored at 4 °C
until further analysis was required by AMS. This provided a uniform

monolayer of fixed fibroblast cells.

6.2.2 Samples

Three off-the-shelf anti-ageing creams from three different brands were
deposited, without any dilution, onto the cell surface using a swab. Pure
components of personal care products, listed in Table 6.1, (Sigma, Poole, UK,
and Alfa Aesar, Heysham, UK) concentration 10 mM, were deposited onto
glass microscope slides (Superfrost-Fisher Scientific, Loughborough, UK) to
explore the effectiveness of the two ambient MS techniques for detection of
active ingredients. Optical microscope analysis was carried out using a Leica

DM IL Microscope.

6.2.3 DESI and PADI mass spectrometry

DESI analysis was conducted using a modified QSTAR Elite quadrupole time-
of-flight (Q-TOF) mass spectrometer (Applied Biosystems, USA), optimised as
outlined in reference [127]. The solvent composition used for DESI analysis
was 90:10 methanol:water including 0.1% formic acid. This gave a spot size
with diameter 0.3 mm [129]. The PADI source was coupled to the same
QSTAR Elite mass spectrometer. PADI was operated with optimised settings

of an input power of 22 W and a helium gas flow of 820 ml min™. The plasma
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source was positioned at 30° to the normal, the distance from the plasma tip to
the sniffer (the inlet to the mass spectrometer) was 10 mm and the distance
from the plasma tip to the sample surface was 2 mm. The PADI spot size was
1.5 mm diameter for a 60 second analysis time. Spectra were acquired for 30
seconds for the analysis of the individual PCP ingredients and 2 minutes for the

PCP creams.

6.3 Results

6.3.1 Analysis of components of PCPs

Mass spectrometric analyses of 13 molecules commonly used in personal care
products were carried out with both PADI and DESI to characterise the
different sensitivities of the techniques. The 13 molecules analysed are
displayed in Table 6.1, which also shows the effectiveness of DESI and PADI
for the analysis of each molecule. The molecules fell into four distinct classes,
as indicated in Table 6.1. Firstly, both techniques gave clear detection of the
molecular ion, labelled A in Table 6.1. Secondly, DESI and PADI detected the
molecular ion but PADI also detected other characteristic peaks, either
fragments or rearrangements of the molecule, labelled B in Table 6.1. Thirdly,
DESI detected no characteristic peaks but PADI detected molecular peaks as
well as fragment and rearrangement ions, labelled C in Table 6.1. Finally,
DESI detected no ion from the component and PADI detected some
unidentified peaks from the molecule, labelled D in Table 6.1. In total, DESI
was able to detect the molecular ion, in either positive or negative MS, as
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[M+H]", [M+NH4]", [M-H] or [M-OH] for 9 of the molecules, but was unable
to detect anything, in either positive or negative ion polarity, for 4 molecules. It
may be possible to detect these 4 molecules by changing the electrospray
solvent or using different chemistries to promote ionisation [129, 132]. This
has not been explored here. PADI detected ions from all of the 13 PCP
components in the positive ion mode, however in one case the peaks could not
be assigned, even after conducting MS/MS analysis. In nearly all cases of
PADI analysis, in addition to detecting the molecular ion there were also
fragments present such as [M-C,H30]", although the relative intensity of these
fragments varied between ingredients. DESI mass spectra tend to be simpler
and easier to interpret, but cannot detect all components trialled, whereas PADI
is able to detect a wider range of components but the spectra can sometimes be
difficult to interpret. This highlights the importance of coupling ambient mass
spectrometry with high performance mass spectrometers to enable the

identification of unknowns.
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Table 6.1. Properties of 13 different PCP ingredients analysed by DESI and PADI MS. The table also shows the effectiveness of DESI and
PADI analysis for each molecule, a v denotes a clear molecular peak, a v'* denotes molecular peaks, fragments and adducts detected from the
molecule, and an X denotes no peaks or that we were not able to identify the peaks from the molecule.

Substance Molecular Mono- Vapour Function Structure _ —
formula isotopic pressure, Pa i 9,:
mass, Da at 25 °C - o
Linalool CyoH150 154.1358 21.33 Fragrance OH
M v | v
Triethanolamine | CgHsOsN | 149.1052 4.79 x10* | pH balancer and OH
emulsifier
v | vV
N
Ho/\/ \/\OH
Propylene C4HeO5 102.0317 6.00 Solvent O
A carbonate
0 v | vV
/K/O
Coumarin CoHgOs 146.0368 0.13 Fragrance -
0
v | vV
Poly (propylene C4H1,,0 74.0732 + | Not available Solvent M OH
glycol) [CsHO], | 58.0419n o A v | v
monobutyl ether
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Citronellol C1oH20 156.1514 5.88 Fragrance \/
X
OH
Hydroxy- CioH200, 172.1463 0.77 Fragrance OH
citronellal M v'*
o
Methyl paraben CsHgOs 152.0473 0.11 Preservative ]
o v'*
HO
Geraniol CioH150 154.1358 4.00 Fragrance W v
X XN oH
Stearyl alcohol CigH350 270.2923 3.60x 10™ Emulsifier OH
*
% v
Eugenol CioH120, 164.0837 3.01 Fragrance /O P
O v
HO
Citric acid CsHsO4 192.0270 7.52 x 107 pH controller o HO o) o
OH v'*
HO OH
Benzyl salicylate | C14H1,03 228.0786 2.40 x 107 Fragrance
o X
OH ]
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6.3.2 Analysis of PCPs

DESI and PADI were used for the analysis of PCPs direct from fixed fibroblast
cells. A comparison of the similarities and differences between the mass
spectra shows the useful information obtained from each technique and also
their suitability for this type of analysis. PADI and DESI mass spectra from
each of the three creams, with preliminary assignments made to some of the
peaks, are shown in Figures 6.1 to 6.3. The linear and cyclic polysiloxanes are
labelled in the mass spectra according to the convention, D, for cyclic
polysiloxanes of the form (Si(CH3).0), and L, for linear polysiloxanes of the
form CHj3[Si(CH3)20],Si(CH3); where n = 2 to 10. PADI and DESI both
detected siloxanes in all the creams. Siloxanes are a common ingredient in
PCPs, acting as a carrier and giving the products a silky smooth texture [172].
DESI mass spectra mostly show the cyclic siloxane Dg, although linear
siloxanes n = 5 to 7 are also present in Creams 2 and 3. In comparison, PADI
mass spectra detects linear siloxanes with n = 2 to 10 for all creams although
the cyclic siloxane Dg is also present in Cream 1 and 3. In both mass spectra
the siloxane peaks at masses with m/z greater than 400 are commonly
ammonium adducts, whereas those with m/z less than 400 are due to the loss of
methane. This is in agreement with earlier work by Schlosser [183]. The most
commonly detected siloxane here is at m/z 462.15, the ammonium adduct of
Ds; this is not unexpected since it is noted to be present in 50% of PCP and

household products [184].
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Figure 6.1. Positive ion mass spectra from Cream 1, (a) DESI and (b) PADI.

(a)

[Dg + NH,J* Lg + NH,J*
i DESI | | oo Lo PADI
80% 80%
Ethylhexyl [L,+ NH,I
> methoxycinnamate ‘E
g 60% g 60% Dipr?pylfne [Lg + NH,J*
€ -
® Dipropylene (D + H] S gheet
2 L + NH,J* 8
£ o glycol [L ] T 40% W/Lb/'« b/L\m [Lg - CHJ*
g an an o 5
P IL, + NH,J* L, — CH3l [Dg + NH,]
D, + NH,/]*
20% L [Ls+ NHA]'A 20% ‘ W [br } 4 [Lyp + NH,J*
0% \‘H‘J\“.LHM [T \H 1 0% b u“wr i H‘l } d o 1 N
100 200 300 400 500 600 700 800 900 1000 100 200 300 400 500 600 700 800 900 1000
m/z mz
Figure 6.2. Positive ion mass spectra from Cream 2, (a) DESI and (b) PADI.
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Figure 6.3. Positive ion mass spectra from Cream 3, (a) DESI and (b) PADI.

A2 refers to the molecule in the second row in Section A of Table 6.1.

Cream 1 is shown in Figure 6.1 and is dominated by the siloxanes. However,

the DESI and PADI mass spectra of Cream 2, Figure 6.2 (a) and (b)

respectively, show dipropylene glycol. This is a common solvent used in PCPs.

In addition, in Cream 2 DESI also detects ions tentatively assigned to
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ethylhexyl methoxycinnamate, a sunscreen agent. The PADI mass spectrum for
Cream 2 also has a large number of unidentified peaks. Figure 6.3 shows
Cream 3 with a large number of small molecules with m/z between 100 — 300
in both the DESI and PADI mass spectra. In the DESI spectrum some of these
can be identified as molecular ions of dipropylene glycol, hexyl cinnamal (an
aroma) and ethylhexyl methoxycinnamate. The PADI spectrum of Cream 3 is

dominated by peaks from triethanolamine.

The PADI mass spectra from each of the creams changes with time. As shown
in Figure 6.4, in Cream 2, dipropylene glycol has a large intensity to begin with
but after 30 seconds this decreases by more than half. Concurrently, a series of
peaks in the mass range m/z 300 — 350 increase in intensity with m/z 303
dominating the spectrum after 60 s. It should also be noted that although most
of the siloxanes retain their intensities, similar to Lg, the peaks relating to Dy
and Lg decrease, similar to dipropylene glycol. It is known that cyclic siloxanes
(D) are generally more volatile than linear siloxanes (L,) and so will have
higher mobility and be more likely to migrate to the surface. This may be due
to molecules migrating to the surface of the layer. Interestingly, this may
indicate the possibility to depth profile organic material with PADI [185].
Damage effects may also change signal intensities and these are being studied

in detail in our development of the metrology of PADI.
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Figure 6.4. Variation of signal intensity with time for key ions detected by
PADI from Cream 2. Counts are normalised to the total ion count to account

for fluctuations that result from analysis with PADI.

Figures 6.1 to 6.3 illustrate that DESI and PADI are capable of obtaining useful
information regarding the siloxane content and small active ingredients directly
from creams applied to a fibroblast surface. These analyses were possible
within an acquisition time of only two minutes direct from a fixed fibroblast

cell surface and with minimal sample preparation.

For in vivo analysis, a first important step is to investigate whether detection
direct from the fixed fibroblast cells caused any morphological damage to the
cell surface. To do this DESI and PADI MS analysis were carried out for
increasing times on fresh areas of the fibroblast cell sample with the cells
imaged with optical microscopy after each analysis. We quantify the
morphological damage to the fixed fibroblast cells by simply counting the
number of intact cells present over an area of 0.5 mm? for each analysis time,

as shown in Figure 6.5. Inset are images of the cell surface for 300 s DESI
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analysis and 300 s PADI analysis. This allowed us to visualise the changes in
the fixed fibroblast cells throughout the analyses. Figure 6.5 shows that there is
no change in the number of fixed cells after DESI analysis, but there is a
significant reduction in intact cells present after PADI analysis. To ensure that
there is a less than 10% reduction in the number of cells during PADI MS, the
analysis time must be kept under 5 seconds. To compare this with DESI it is
important to also consider the signal, since clearly if the signal is 2 times
higher one can reduce the acquisition time by half. The average total ion
intensity for all PCPs over 2 minutes was 20,000 counts s™* and 10,000 counts
s for PADI and DESI respectively. Therefore, for a PADI analysis time of 5
seconds, for the equivalent amount of signal a DESI acquisition time of 10
seconds is required. The resulting morphological damage from DESI is much
less than 10%, which was the level observed for PADI for the equivalent

amount of signal.

300 +

250 +

200 -

cells/mm 2

150 -

100 4

50 ~

0 50 100 150 200 250 300 350

time, seconds

Figure 6.5. Morphological damage to fibroblast cells using DESI and PADI.
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For PADI it is also interesting to look at how cell morphological damage
changes when the plasma power is modified. A fixed time of 120 seconds was
used for this experiment and the same power settings as used for the PADI
optimisation were used. Figure 6.6 shows how increasing the power increases
the morphological damage to the cells. At a power of 22 W, recommended
earlier for optimum signal intensity, which results in a surface temperature of
approximately 100 °C as shown in Figure 4.7, the damage is approximately 3
times higher than the lowest power setting of 16 W. From, Figures 4.6 (b) and
(c), the intensity of the molecular ion for triethanolamine and
hydroxycitronellal drops by approximately 3 and 2 fold respectively over the
same power range. Therefore, for these ions the time and plasma power can be
traded for a given signal intensity per unit of damage. For other ions where the
signal is relatively constant or even increases at lower powers then clearly a

lower power setting is better.
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Figure 6.6. Morphological damage to fibroblast cells after a PADI analysis of
120 seconds with different RF power settings
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It is very important to note that in this study we have only examined the
morphological damage of fixed cells. This is an important first step but more
extensive studies to measure any biochemical changes or other damage, such as

genetic mutation, are required before in vivo use on skin.

6.4 Conclusions

DESI analyses of pure PCP components show straightforward mass spectra
with molecular ion peaks, however, DESI is not able to detect all components.
PADI is able to detect all components, but the mass spectra are sometimes
difficult to interpret. Adjustment of the plasma conditions can be used to
minimise the level of fragmentation and enhance the molecular ion signal in

PADI.

PCPs are complicated mixtures of many components. There is no separation
with direct analysis and consequently, the mass spectra are very complex. Even
with MS/MS capabilities it can be difficult to identify ions. Elsewhere, it has
been shown that with a mass scale calibration accuracy of around 1 ppm [186]
and isotope pattern matching [187] that chemical databases such as PubChem
[188] can be used to identify unknown substances. There are therefore
significant advantages to combining ambient techniques with high performance

mass spectrometry when studying such complex mixtures [186].

We have illustrated that DESI and PADI are capable of obtaining useful

information regarding the siloxane content of PCPs, such as creams, rapidly
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and directly, here deposited on a fibroblast cell surface. This is a first step in

determining penetration and concentration in these difficult systems.

The morphological damage done to the fixed fibroblast cells when analysed by
ambient mass spectrometry differs depending on the technique used. PADI
damages the whole cell structure after 5 seconds whereas DESI is much more
gentle with negligible morphological damage observed for a 300 second
acquisition. Analysis times for PADI should therefore be limited to less than 5

seconds under these operating conditions to avoid damage to the cell structure.
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Chapter 7

Overall conclusions and future outlook

7.1 Conclusions

The work presented in this thesis has further enhanced the metrology base for
ambient mass spectrometry. Before any analytical technique can be used to its
full advantage, optimisation and characterisation of the source needs to be
performed. By carrying out a systematic study to optimise parameters for the
plasma assisted desorption ionisation source, PADI, signal intensities were
improved to a maximum, with a repeatability of approximately 7%. Figure 7.1
summarises the different parameters that affect the signal intensities of
molecular and fragment ions. The plasma power was shown to significantly
affect both the absolute and relative intensities of the different characteristic
fragment ions from valine, showing the level of fragmentation can be

controlled.
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Figure 7.1. Summary of the PADI parameters that affect signal intensities.

The importance of sample temperature when analysing with PADI has been
highlighted in two chapters; 4 and 5. For this particular set up we have shown
two ways that this can be changed; firstly by increasing the power of the
plasma and hence its temperature resulting in thermal desorption of
compounds, although at the same time more complex desorption and ionisation
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mechanisms occur; and secondly by using a heated sample stage to desorb
analytes before ionisation by the plasma. In this second experiment, we have
tried to decouple the desorption and ionisation steps by using a plasma power
that supplies limited heat to the sample. These results show that volatility plays
a large role in the successfulness of PADI analysis, with a vapour pressure of
greater than 10 Pa required for successful analyte detection. Volatile
molecules that easily form gas-phase ions are readily ionised by PADI. An
example of this has been shown in the analysis of ingredients used in personal

care products, namely oils, and also the detection of siloxanes in Chapter 6.

The sample form has also been found to be crucial for PADI analysis:
characteristic ions from powders are easily detected but when these samples
are prepared as a thin film only the volatile analytes are detected. This is also

thought to be due to the ability to generate gas-phase ions.

As well as understanding the limitations of the technique, it is also important to
find methods to overcome them. This has been demonstrated by the use of a
thermal desorption stage to increase the temperature of analytes and to be able
to analyse those which are less volatile, increasing their signal intensities by
several orders of magnitude. For example, molecules with low vapour pressure,
such as Irganox, can be analysed using this method (Irganox is not detected by

DESI as discussed in Chapter 3).

Ambient mass spectrometry sources operate at atmospheric pressure, therefore

the mass spectra from these sources exhibit a large background signal
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containing adducts formed from atmospheric constituents. These can also
provide information about the ionisation pathways; oxygen adducts are
frequently observed in the negative ion mode, especially for polymer analysis.
This can confirm the mechanisms postulated and discussed in Chapter 1.
Interestingly, polymers are easily analysed with PADI providing rich
fingerprint spectra unique to each polymer and showing the repeating monomer
units. Clearly this is not a simple thermal desorption process and instead we
speculate that there is a bond scission process first, analogous to SIMS,
followed by thermal desorption. It is certainly evident that larger polymer
fragments require higher surface temperatures, which would support this
conjecture but it needs to be properly evaluated. It is proposed that a systematic
study of a polymer with different molecular weights is conducted. A further
study to investigate the capability of PADI for polymer depth profiling,
offering a complementary technique to SIMS, is also part of ongoing

investigations.

There are a multitude of ambient mass spectrometry sources, at the current
count over 30, and this number is always increasing. Although a lot of research
has been carried out and reported on the advantages of individual sources, little
has been done to examine like-for-like comparisons of different AMS sources.
We have performed a study to compare and show the differences and
complementarities between DESI and PADI which have very different
desorption/ionisation mechanisms. It is interesting to see the similarities
between the mass spectra, the molecules that can be detected and the ions that

are observed. PADI was able to detect characteristic ions from 13 molecules
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commonly used in personal care products; however DESI was only able to
detect ions from 9 of them. The PADI mass spectra also showed greater
fragmentation compared to DESI. A real world example of an everyday object,
skin creams, demonstrates how ambient techniques can be applied to complex
samples in their native state. These can be in the form of pastes and liquids as
well as the more traditional solid surfaces. This feature would not be possible
with vacuum mass spectrometry techniques such as SIMS. As yet, we have not
applied these techniques to in vivo analysis, however we are able to analyse
fixed cells. This has provided a first look at the damage that these techniques
can cause to cells and whether they will be suitable for live analysis, which
could provide real-time monitoring as the techniques are quick enough and can

also analyse any sample shape or form (within reasonable limits).

A comparison to more established techniques is needed to understand the
current progress of ambient MS techniques and the advantages they can offer
over more traditional vacuum based mass spectrometry. This is exemplified by
the comparison of DESI and SIMS, where DESI has advantages in the analysis
of larger biomolecules, as well as the simplicity of the mass spectra which are
easier to interpret, and also the ease and quickness of analysis using the
technique. However, a comparison like this, as well as showing the advantages
and major areas of growth for this technique, draws to the attention the areas
that DESI needs to improve on, such as sensitivity, repeatability and spatial
resolution. We have shown in this thesis that PADI can be used to fill some of
the measurement gaps where DESI is not successful, such as the analysis of

polymers and some small molecules.
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We are currently conducting a study to assess the differences in sensitivity
between DESI, PADI and SIMS, as well as comparison with an atmospheric
pressure MALDI source on the same Orbitrap™ mass spectrometer as the
DESI and PADI. A range of different molecular types and weights will be
analysed. This study will provide an exact comparison of the limit of detection

and efficiency (counts per volume of analyte consumed) of the four techniques.

7.2  Future outlook

It is envisaged that each ambient mass spectrometry technique will have its
own niche area; we have shown in this thesis that this is certainly true for DESI
and PADI, they are complementary but also have select areas where they can
be utilised to an advantage, such as polymer and volatile molecular analysis by
PADI. In Table 7.1, a summary is provided on the different analytes and

capabilities of DESI, PADI and SIMS.
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Table 7.1. Summary of the analysis capabilities and types of molecule that can
be analysed by DESI, PADI and SIMS. Notes: *(a) DESI is not able to analyse
some small molecules dependent on their solubility or molecular type, *(b)
with thermal desorption PADI is able to analyse small molecules with vapour

pressures lower than 10 Pa.

DESI PADI SIMS

Small molecules v'*(a) VP >10* Pa *(b) 4

Analyte Biomolecules v X X
Polymers X v v

Surface MS 4 4 v

Capability Imaging MS 40-150 pm 150 - 1000 pm <1lum
Depth profiling X Potentially 4

Research must be undertaken to further address the molecular types that
plasma sources can successfully analyse, as well as their sensitivity and
detection limits. A thorough investigation into the ionisation mechanisms,
including studies using a modified (nitrogen or oxygen rich) atmosphere, will
provide insight into what analytes the technique will be most successful at
detecting. Quantitative analysis is also an important consideration in the future
development and relevance of this technology. A few studies have already been
undertaken in this area, showing the potential but also the current limitations
that need to be overcome. These will be important steps before ambient plasma
sources can be fully utilised and implemented into analytical laboratory

workflows or for reliable in-field use.
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The coupling of DESI or PADI to other desorption techniques will be one of
the future directions in this area of research. We have already seen a few
studies coupling laser ablation sources with plasma ionisation, as detailed in
Chapter 1. The results from this thesis show that plasma techniques are not
very successful at desorbing non-volatile molecules however they are
successful ionisation sources. The potential to utilise plasmas as a post
ionisation source coupled with other desorption processes, such as laser
ablation, has great promise. This would enhance sensitivity and also provide
the opportunity for mass spectrometry imaging at atmospheric pressure with

improved spatial resolution.

Preliminary experiments using a new atmospheric pressure transmission mode
laser ablation ion source with an additional plasma post-ionisation source have
already been conducted. For these studies an 8 cm cube flatbed DBD source
was utilised and placed between the sample and the inlet to the mass
spectrometer, as shown in Figure 7.2. Initial results using this source are
promising; for the analysis of caffeine, a 10 fold improvement in signal
intensity was observed for the molecular ion when using the plasma post-
ionisation source compared to results using laser ablation alone. However, a
large increase in the background signal was also observed when using the
plasma source. It is clear that modification and optimisation of the new sources

are needed for them to reach their full potential.
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Sample mounted onto
quartz slide.

Material ejection after
irradiation.

\ Plasma ionisation

Fibre optic source
Focussing of laser
light onto 'sarnple Quartz slide mounted
by transmission onto motorised x, y, z
through back of translation stage.

slide.

Figure 7.2. Schematic of the new high resolution atmospheric pressure
transmission mode laser ablation ion source with additional plasma post-

ionisation. Unpublished work courtesy of R. T. Steven, NPL.
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