M

University of
HUDDERSFIELD



The Development & Evaluation of Hot - stage Microscopy

Direct Analysis in Real -Time Mass Spectrometry

Gage Patrick Ashton

Submitted Aug ust 2018



Acknowledgments

| would like to dedicate this thesis to my partner Louise. Her continued support and
constant belief in me and my work gave me the encouragement to push on that bit harder
and reassured me it will all be worth it in the end. | will always be grateful for h aving you

by my side during this time , thank you.

To Dr Lindsay Harding and Dr Gareth Parkes, my supervisors and importantly my  friends.
I am indebted to them for the help, guidance and the time they have provided to me over

the years, without them | truly would not be the researcher that | am today.

To Dr Gary Midgley and Prof . Mark Heron, thank you for your time to talk over my

reactions, you help ed drive my understanding of the research | was undertaking.

To Prof. Edward Charsley thank you for sh aring your extensive knowledge on the topic of

thermal analysis, particularly for highlighting key developments of hot -stage microscopy.

Huge thanks for the technical support within our department. They offered constant

assistance and encouragement tomy project no matter how obscure the request wa V «

To the master of PowerP oint measurement, Sophie Pownall . Thank you for your

commitment to the project and your friendship during the time with our research group.

Finally, thank you to my family and close f riends. Between you all you gave me support
and the welcomed distractions preventing me from going completely insane whilst writing

this thesis .



Abstract

The thesis describes the development and evaluation of a novel instrument combining hot -
stage microsc opy (HSM) with an ambient ionisation technique known as direct analysis in

real -time mass spectrometry (DART -MS).

Hot-stage microscopy DART -MS (HDM) combines two complementary analytical
techniques to maximise the information obtained from a single experi ment. DART -MS has
the ability to quickly analyse materials at atmospheric pressure without sample
preparation. HSM provides both a controllable temperature stage (essential for accurate

thermal analysis) and gives information on the physical changes in a sample arising from

a change in colour or morphology.

HDM comprises ofahot  -stage designed and constructed to fit between a DART -100 source

(lonSense) and an ion trap mass spectrometer (Bruker). It incorporates a digital

microscope situated 90 ° to the DA RT-MS path and is focused on samples placed in metal
or ceramic crucibles on the hot -stage. Experiments typically use samples of a few
milligrams in mass and heating rates of 0.1 to 50 °C min -1 standard for many conventional

thermal analysis techniques. So ftware was deve loped using Visual Studio 2017,

(Microsoft) to control the hot -stage, collect micrographs and record optical and
colorimetric data in real -time. Software was also developed to extract selected ion
intensity data from the MS and combine it with temperature and optical data.

HDM was successfully evaluated with a range of applications. Synthetic organic reactions

have been performed in situ . Reactants, products and transient intermediates were
successfully monitored and profiled as a functi on of temperature, with correlations
between the reaction colour and micrographs being made to mass spectra. Physical
properti es of common polymers including melting points, cold crystallisations and glass
transitions have all been shown optically with re lation to their mass spectrum. An optical
method to measure and calculate the coefficient of thermal expansion (applied to silicone
polymers) is described and shown to be consistent with literature data. HDM has also been
applied to the thermal profiling o f inks adsorbed on alumina matrices. Studies with
mixtures of energetic materials collected from surfaces demonstrate that limits of

detection at the nanogram level are readily achievable.
Further developments of both instrumentation and software are also discussed.

Keywords + Hot-stage microscopy, thermomicroscopy, DART -MS, thermal analysis,

ambient ionisation, mass spectrometry, hyphenated techniques.



Contents

[0 1Y = T o - T 1= PP 1
ACKNOWIEIMENLS oo et e s arreeesaaaeaea 2
Y 4511 = Lo S VPRSP RPTRR 3
1.0 INtrOodUCHION i e eenee e erieeaaeeas 8
R = (o (=Yt o =) - Vot PP 9
1.2 M@SS SPECIIOMELIY it eeteee e e e e arabeeeeeeee e e aaaaas .9
1.2.1 Fundamental operation 0f MS s e e 9

1.2.2 MASS SPECIIOMELEIS oot e eeeeaeee e raee e 11
1.2.310NISALION SOUICES oiiiiiiieiiie it eeeesree e niees aeeenreea e 14

1.2.4 Recent ambient ionisation teChNIQUES s e 17

L3 DART -MS oiiiiiiiiiiiiiiiienies vttt ies e s 18
1.4 Applications of DART - MS ..ot et nreniee e 21
LA L FOrENSICS  cociiiiiiiiiiciieiiniiii eeveseese e e e 21

1.4.2 Quality CONIOl oo e s 22

1.5 Recent developments DART  -MS .. et aeerieee e 23
1.6 Thermal @nalySiS  .oooiciiiiiiiiiiiies s e e 25
1.6.1. Thermogravimetric Analysis (TGA) s e .27

1.6.2 Differential temperature techniques -DTA@nd DSC ... e, 28

1.6.3 Thermomechanical Analysis (TMA) s e . 30

1.7 HOt -Stage MICTOSCOPY  vvevciieiiieiiieniieniiess eeevie e sree e s eenreesneesneesnee e s 31
1.7.1 Applications Of HSM  ooiiiiis e e 32

1.8 Simultaneous TA & Hyphenated TAteChNIQUES i e 34
1.9 Introduction REFEIENCES i v e 37
2.0 Instrumentation Development s e e D41
2.1 INrodUCHION oot e e s aaeeenees 42
2.2 Initial evaluation studies using DART SMS . 43
2.2.1 Suppression effeCtS i e e 43

2.2.2 DART -MS Temperature profiling  ...ccccoiiiiiiiiiiis e e 47

2.3 Development Of HDM i et e 50
2.3.1 HDM INStrument OVEIVIEW oo e siee e eevnieeanieeans 50

2.3.2 Temperature control - PID algorithm and pulse width modulation ~  ........cccceeeneee. 54
2.3.3HDM +Digi tal microscopy and image proCesSiNg  coccccvvveviiniieiiieeiis e 58

2.3.4 HDM £ Temperature measuremMent  .....cccccciiiiineniiiiiiiies avrereeeeeessssninreeeeaeeeas . 63
235HDM  DART ANA MS ..o vt e 65



2.3.5. 1 MS INIEL hEALEI cooeeeeeeeeciiiee eeeeeeeee e e ———— 66

2.4 HOt -Stage deSIONS .eiiiiiiiiiiiiiiiciiiiieeiiis eeevee e iees eeee s e s ... 67
241 Hot -sStage desigN 1 ..o e e 67
242 Hot -Stage desSign 2 ..ot e e 69

2.5 SOMWAIE oo e e s e 71
2.5.1 Experimental header editor oo e e 71

2.5.1.1 Sample information (A) i e e 72
2.5.1.2 Experiment type (B) oo e e 72
2.5.1.3 Acquisition tripS (C)  wovoiviiiiiciie i e e 72
2.5.1.4 Developments (D) oo e e 72
2.5.1.5Image capture (E) oo e e 72
2.5.1.6 RGB pixel monitoring (F) .o e e 72
2.5.1.7 Temperature calibration (G) i e e 73
2.5.1.8 Experiment control (H) oo e eeneen 73
2.5.1.9 Microscope parameters (I) s e e 73
2.5.1.10 Control buttons (J) oo e e 73
2.5.2 Temperature programme €ditOr = oo e e 73
2.5.3 Pixel monitoring WiNAOW oo v e 74
2.5.4 ACQUISIION WINAOW oo ettt enines aveee e e s e 75
2.5.5 Data eXIraCt ..o e eeeenree e .. 16

2.6 Development  of an alternative ion source (U SDART) i e 77

2.7 Current and Future developmentS i e e 81
2. 7.1 DTA ROt -StAgES ..ooiiiiiiiiiiiiiiiiiiieiiiis ettt sriee s rireee s eeeeeaiee e e e e 81
2.7.2 DESOrption StAGE. oo e anreeae e 83
2.7.3 Induction heating thermal desorption DART SMS 85
2.7.4 Software developmeNntS .o e e 87

2741 SCTA applied to HDM oo vt eeveeanieens 87

2.7.4.2 Incorporation of Arduino microcontrollers s e 88

2.7.4.3 Automated positioning of the hot SSEAGE o e 91

2.7.4.4 Automa ted positioning of the 1 -DART oo e 92

2.8 CONCIUSIONS oot e e aaeeeneeas 94
2.9 Instrumentation Development ReferenCes ......coccoviciiiiiiiiies e .. 95
3.0 Reaction Profiling it s e s 96

B.LINrOdUCHION oot e e s aaeeenees 97
3.1.1 Green ChemiStry oo e e s 99
B.L2 AIMS i s ereenee e eeaeenneans 99

3.2 Hydrobenzamide SYNthesSiS .o e e 100

3.3 BiN0l SYNthESIS  iiiiiiciiiiiie s e vt eea 106



3.4 14 -Aryl Xanthene SYNthESIS ..o e eeeae e 113
3.5 2 -Phenylbenzimidazole SYNthe SIS .ccciiiiiiiiiiiiiiiiiis e e 119
3.6 2,3 -Diphenylquinoxaline SYNnthesis ..o e e 125
3.7 Tetraphenylpyrazine SYNthesiS —  iiiiiiiiciiiiis e e e e 134
3.8 Benzodiazeping SYNtheSIS oot e e 142
3.9 Phenylbisbenzimidazole SynthesSiS .t e e 147
3.10 Incomplete REACHONS  coociiiiiiiiiicciiiciiiiies v eeerree e 153
3.10.1 Dibenzylideneacetone  ...ccccciiieiiiiiiciiiiiees e aeerree e 153
3.10.2 Tetraphenylporphyrin it e erree e 156
3.10.3 Diimide substituted NTCDA it et e 159
3104 DIlALN oo e e eeneen 161
.11 CONCIUSIONS it ettt e eeenees 163
3.12 Reactions Profiling ReferenCes ....ccccovviiiiiiiiiiiices e e 164
4.0 Polymers STIUAIES i e eeesee e .. 166
A1 INrOAUCHION oo e eeseee e eeeaeeees 167
AL L AIMS (o e e e 168
4.2 Polymer standards evaluation using HDM s e ..169
4.2.1 Polystyrene (PS) oo e e 169
4.2.2 Polyethylene terephthalate (PET) i e e 173
4.2.3 Polyvinyl Alcohol (PVOH) it et e 177
4.3 HDM and silicone POIYMErS i e eeneee e 181
4.3.1 Initial experiment to replicate the work of G FOSS cooiiiieeeiiie e arreae e 182
4.3.2 Isothermal step experi ments using the HDM ... e, 183
4.3.3 Linear heating and cooling experiments s e 184
4.3.4 Cyclic isothermal step exXperimentS s e ..185
4.3.5 Cyclic linear heating and cooling experiments s e 186
4.3.6 Cyclic linear  heating and cooling experiments with pre -treated and untreated samples
..................................................................................................................................... 187
4.3.7 Cyclic linear heating and cooling experiments to a higher maximum temperature ..188
4.4 Monitoring the thermal expansion of silicone polymers using HDM e 190
4.4.1 Initial thermal expansion exXperiment s e 190
4.4.2 Development of a method to monitor thermal expansion using real -time processing of
PIXEIVAIUES .ot s e s aeeee e 192
4.4.3 Measuring expansion and contraction during thermal cycling to 200 °C ... 193
4.4.4 Measuring expansion and contraction during thermal cycling to 300 °C ... 195
4.4.5 Monitoring of change in size during a 9 hour isotherm at 200 °C ... 196
4.4.6 Using optical data to calculate the coefficient of thermal expansion ... 197



4.5 Conclusions and further Work .o e e 198
4.6 Polymer Studies  REfErENCES ...ccoviviieiiiiiiiiiiiiiit vt e e 200
5.0 Desorption SIUAIES i e e s .. 202
5.1 INrOAUCHION oo e enreeneee s eeneenes 203
B.L2AIMS i s e e 204

5.2 DYES s e e e eeeeaeea e 205
5.2.1 Selected ink eXxample it e e 205
5.2.20Verview Of iNKS oo v e 208
5.2.3 QUANntitatiOn ..o e eeeeree e . 211

5.3 Energetic MaterialS oo s e .213
5.3.1 Conventional HDM @nalySiS oo et e 215
5.3.2 Limits of detection using conventional HDM analysis =~ . e 218
5.3.3 Evaluation of swabbing materials ..o e 223
5.3.3.1 Cotton  mediCal SWab .....ccociiiiiiiiiiiiiieiiies e eeeeaeeee 225

5.3.3.2 Cellulose acetate filter .o e eereeee 226
5.3.3.3QUANz WOOl oot e eee e 227

5.3.3.4 FIbre glass .o e 228
5.3.3.5Brass fiires .ot e e 229

5.3.4 Thermal Separation ..o e e 231
5.3.5D0PANES  ooiiiiiiiiiiiicriis e e eeenas 234

5.4 FUMNEr WOIK oo e niiee s e aaeeeeens 236
5.5 CONCIUSION it et ee e aeereee e areeeeaeees 238
5.6 Desorption Studies REfEreNCEeS ......ccccoiiiiiiiiiiiiiiiis s eee e 239
6.0 Overall CoNCIUSIONS oiiiiiciiiis e earere e raee s .240



1.0 Introduction



1.1 Project Preface

The pr oject described in this thesis combines two analytical instruments from two different
disciplines, mass spectrometry (MS) and thermal analysis (TA). A modern ambient
ionisation technique known as direct analysis in real -time mass spectrometry (DART -MS)

has been integrated with a thermal analysis system called a hot -stage microscope (HSM).

To set the context of the project each te chnique (DART -MS and HSM) is introduced in turn
within this chapter. The project findings and results follow in subsequent self -contained

chapters.

1.2 Mass spectrometry
1.2.1 Fundamental operation of MS

Mass spectrometry (MS) is concerned with the separa tion, detection and evaluation of
ionised chemical species within the gaseous state. This is achieved through monitoring
differences in mass -to-charge ratio ( m/z , the mass of an ion divided by the number of
charges it possess es) and their relative abundanc es. MS can be used to determine
elemental compositions of analytes (compounds of interest), through assignment of
characteristic profiles and using more advanced methods molecular structures may be

postulated. *

Today, mass spectrometers come in an array o f very different types but fundamentally
rely on the same operational principles, these have been summarised below as a flow

diagram in Figure 1. 1.

Sample Data Collection and
Introduction Manipulation

lonisation lon Separation lon Detection

Figure 1. 1 Basic flow diagram of the operation of a mass spectrometer.



a) lonisation.

Analytes mustbe in  the gas phase and carry a charge (be ionised) before reaching the
separation step. Typically, ionisation takes place under reduced pressures. Methods

such as electron ionisation (El), achieved through bombardment of neutral analytes

with a stream of electr  ons, are used to induce a charge on a neutral species. 2 However,
developments within mass spectrometry have led to ionisation taking place prior to the
spectrometer using a family of techniques known as atmospheric pressure ionisation

(API) (see Section1. 2.3) .3

b) Separation and focusing.

lons are separated using a section of a mass spectrometer known as a mass analyser,
operating under high vacuum. The high vacuum used within this section assist s with
the separation of the gaseous ions introduced previously. Non -ionised species
(molecules, atoms and radicals) are removed through the high vacuum pumping
system with only ionised species being amenable to the focusing and separation

provided by elect rical and magnetic fields. 4

lons are focused towards each section within the mass spectrometer using a series of
devices known broadly as ion guides. By changing the electrical and magnetic fields
incoming ions with specific m/z ratios can be selected and guided towards the

detector. °
c) Detection.

A range of MS detectors exist s and the cho ice is determined by several key factors
such as response time, sensitivity and accuracy. 6 Typical MS detectors include Faraday
cages and electro n multipliers. The output from the detector is then sent to a PC and

stored as individual mass spectra for post processing. Real -time data may also be

manipulated using more advance d MS techniques introduced later.

The combination of these components resul ts in the ability to analyse samples as functions
of their ion abundance vs their m/z distribution. An example mass spectrum of air
generated by EI -MS is shown in Figure 1. 2. It can be seen that the spectrum shows both

a qualitative measure of what isin a ir and quantitative measure of how much is analysed.
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Figure 1. 2 An example of the mass spectrum of air generated through EI -MS.

1.2.2 Mass spectrometers

The fundamental work of mass spectrometry began before the turn of the 20 th century,

withinvestiga WLRQV E\ : :HLQ LQWR KRZ pyFDQDO UD\VY D EHDP RI SRVLWLY
by the presence of strong electric and magnetic fields. 7 Sir J.J. Thomson developed the

first type of mass spectrometer , WKH uSDUDEROD PDVYV ,Visd ¢owWdJsephtae S K

ions by parabolic trajectories shown using photographic plate. 8 The quoted first application

paper published using MS was by F.W. Aston (a colleague of Thomson) who proved the

existence of isotopes for the non -radioactive element neon in 1920 in the form of a mass

spectrograph (accurate mass separation). ° Meanwhile, A.J. Dempster had developed the

first magnetic sector MS instrument used to determine accurate ion abundances as

opposed to the accurate mass measurements performed by Aston. 10 During the late 192 Tv
Dempster proposed the combination of the two types of analyser the mass spectrograph
developed by Aston and his own mass spectrometer  forming the first dual focusing mass

spectrometer ! and with it the base of modern mass spectrometry.

The introductio n of an in situ ionisation source was an important addition to early mass

spectrometry producing the first electron ionisation mass spectrometers El -MS. El gives
FKDUDFWHULVWLF plLQJHUSULQWVYT RI DQDO\WHYV RZLQJ WR (, EHLQJ D
is, an ionisation method that usually induces significant, but repeatable, fragmentation of

molecules.

The early EI -MS instruments would often produce extra peaks in profiles generated in the
absence of a sample. Later, organic chemists realised that these peak s arose from
hydrocarbon compounds (presumably within the atmosphere or materials used to

construct the spectrometers) and an appreciation for the use of MS for a wider range of

11



materials was realised. ! The analysis of hydrocarbons became importa nt prior to the start
of World War Il, as new analytical methods were required to quickly analyse aviation fuel

for high octane content. 12

7KH vVWDUW RI :RUOG :DU ,, SURSHOOHG 06 UHVHDUFK ,QVWUXPHQW\
developed that could separate fi ssionable isotopes in a technique known as preparative

MS. This was used to enrich plutonium and uranium ores by collection as opposed to

detection to form weapons grade material, in the lead up to the first nuclear weapon being

deployed. US scientists als o invested a significant amount of research effort into synthetic

rubber, including characterisation by MS, as the supply of natural rubber from Malaysia

was cut when the country fell under Japanese occupation. L12
Time - of - flight (ToF) technology had been developed earlier and was used to separate gas
phase ions * but was not coupled to a mass spectrometer until the 1950s. 15-16

ToF-MS works by measuring the time taken for ions to travel between the ion source and

the detector (typically over a distance grea terthan 1 m). lonse  paration occurs by all ions
having the same initial kinetic energy (after acceleration) and the difference in m/z ratios
causes differences in momentum and hence velocity. The ions travel freely within the high

vacuum region between so urce and detector, and the differing velocities result in

separation determined proportional to their m/z value .Y

The development of ToF -MS was revolutionary for mass spectrometrists  as the operation
of the ToF -MS system meant that there was theoreticall y no upper m/z limit * - a factor
that became of great importance for the later study of large structures such as
biomolecules. The issue with early ToF -MS instruments was poor resolving power 18 and,
for this reason, it became less used until the invention of sof ter ionisation techniques (see
Section 1.1.3) such as chemical ionisation (Cl) and matrix -assisted laser desorption
ionisation (MALDI). *°

ToF-MS was surpassed in general popularity for many years throug h the introduction of
the quadru pole mass analy ser (QMA) and ion trap (IT) technology, typically providing
cheaper instruments with significant space saving over the larger ToF -MS instruments of

the time.

The QMA became a highly selective analyser towards monitoring single ions of interest,

which late r became an invaluable tool when used in combination with separation
techniques such as gas chromatography (GC) 20 and liquid chromatography (LC). 2l The
QMA can operate at relatively high pressures (10 5 +10-4 Torr) and fast scan rates owing

to the factit  uses relatively low voltages during operation, ideal for linking with GC or LC

but offering only integer m/z resolution. %> QMA operates by applying out of phase radio

frequency (RF) voltages to opposing rods (2 pairs) typically arranged co -axially towards

12



the ionisation source and detector as shown in Figure 1. 3.2 |ons travel between the four
rods (hence the term quadrupole) towards the detector, and only ions of a specific m/z
range will be focused and reach the detector determined by the applied voltage s to the

guadrupole itself.

—-I RF Control circuit |

Filtered ions to the detector

E\ Quadrupole

Incoming ions

Figure 1. 3 Schematic representation of a QMA quadrupole mass analyser, incoming ions are filtered
by an alternating RF control circuit to only allow certain ions to the detector. Adapted from 24

The use of QMAs remain s popular with many analytical scientists purely due to the ease

of operation and relatively low costs when compared to other mass analysers. 25 Many
techniques such as thermogravimetric analysis (TGA) may utilise evolved gas analysis
(EGA) in combina tion with a quadrupole mass spectrometer for the study of simple evolved

gases suchas H 20, CO2 and NH 3 (see Section 1.8). %6

The ion trap mass analyser was a development from QMA. 27 As its name implies, it traps

ions through the application of alternating RF DC voltages on a set of electrodes to form a

potential energy well. 2 'RQ WUDSV DUH DEOH WR UFRQFHQWUDWHYT DQDO\Wt
achieved through trapping the ions before discharging them towards the detector in a

sweeping motion across a range of m/z values (achieved by adjusting the potential well). 29

lon trap technology was crucial in the development of tandem MS (MS M. 30 Today, there
are a variety of ion trap technologies including Fourier transform ion cyclotron resonance

(FTICR), 3% quadrupol eiontrap (QIT) 32 and orbitrap. 23 Figure 1. 4 shows a QIT schematic.

11

Incoming ions

-
¢
|

To the detector
lon trapping Voltages adjusted and

feps . . . 4 Voltages adjusted to ‘empty’
(Within the ‘energy well’) smallest ions come out first

the trap of stored ions

Figure 1. 4 Quadrupole lon trap schematic. lons are introduced and stored within the potential energy
well (illustrated by a red dashed line). The voltages are adjusted (to change the potential well) so
that small ions are ejected first and larger last. Adapted from !
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1.2.3 lonisation sources

The ionisation stage is crucial in mass spectrometry and has undergone many
developments. One of the earliest forms was electron ionisation (El). In El energetic
electrons are ejected (usually from a hot filament) and accelerate d by applying a voltage
between the filament and the trapping plate (an internal component) to form a continuous

helical beam of electrons. 34 If the electrons in the beam have sufficient kinetic energy
when they hit an analyte molecule then a radical molec ular ion is produced. Typically,
electrons are accelerated to a standard energy of 70 eV (set as a standard by convention

for comparisons with original databases) which is significantly higher than molecular
ionisation energies (usually between 7 and 15 eV ). %> A schematic of an El source is shown

in Figure 1. 5 and fragmentation pathway shown in Schematic 1.1 for nitrobenzene

Although the radical molecular ion is unstable and undergoes fragmentation in a
predictable manner depending on the m akeup of the molecule. 3¢ Fragmentation usually
occurs at the weakest bond, moving from the radical molecular ion to a fragment cation

(MS detectable) and a free radical. It is also possible that a starting radical molecular ion

(directly after El impact) ¢ an fragment to another radical molecular ion of lower mass after

losing a neutral fragment. This series of fragmentation is what gives El its characteristic

and reproducible fingerprint patterns of analytes.

Hot Filament
J Electron
beam
lonisation

«—  path

Trapping
plate

Figure 1. 5 Left) Schematic of an El source adapted from 1 Schematic 1.1 Right ) El mechanism using
nitrobenzene as an example.

The predictable fragmentation afforded by El allowed the development of mass spectral
libraries for thousands of compounds , particularly useful for chromatography , and El

remains one of the most common ionisation methods used in GC -MS.%7

7KH SULPDU\ SUREOHP IRU (, LV WKDW LW LV FRQVLGHUHG D pKDUG LR

cause considerable fragmentation when a nalysing larger molecules which can lead to
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ambiguity in the data interpretation for significantly large molecules such as polymers . In
D uWRIW LRQLVDWLRQY WHFKQLTXH QDPHG FKHPLFD® LRQLVDWLRQ

The Cl name was derived through the m echanism in which ionisation occurs. The process
requires a reagent gas (such as ammonia or me thane) to be introduced into an El source
(one which the analytes do not come in direct contact with but the carrier gas does),
forming reagent ions. These ions collide directly with the neutral gas phase analyte and
produces a range of simple analyte ions, most commonly molecular ions ([M] *)or adduct

ions ((M+H] *) depending on the reagent gas used as shown in Schematic 1.2.%°

e 70ev) + NH 3(reagentgasy AENH3™ + € “(therma)) + € "(<70ev)
NHz* + NH 3 ENH4* +NH »
NHs* + M @naytey ZA[M+H] * +NH 3
Or
NH4* + M (anaytey AE[M+NH 4] *

Schematic 1.2 An example mechanistic route for chemical ionisation using ammonia.
The strength of Cl lies with the formation of intact molecular ions as opposed to excessive
fragmentation produced with EIl. However, Cl remains only applicable to compounds that

are highly volatile.  4°

Later ionisation developments included desorption ionis ation (DI) # and fast atom

bombardment (FAB). “#? These techniques led to the development of mass spectrometers

capable of detecting  ions above 1000 m/z, VRPHWKLQJ ZKLFK SUHYLRXVO\ ZDVQTW U
the size of the ions generated was small, either from El fragmentation or through high

volatility small molecules in CI.

In 1973 a new technique known as atmospheric pressure ionisation (API), later renamed
atmospheric pressure  chemical LRQLVDWLRQ $3&, ZDV LQWURGXFHGIE\ +RUQLQ.

operation, solutions are introduced into a needle and form a spray of micro -droplets
through interaction with a co -axial stream of high pressure gas. lonisation occurs when

the micro -droplets of solvent and sample (now heated) interact with a coronal discharge
(a type of high voltage discharge) and the solvent becomes ionised. 22

Mechanistically the process is initially very similar to CI (hence its inclusion in the name)

as the high pressure carrier gas is ionised through interaction with an electron. Depending
on the carrier gas (commonly nitrogen) the corresponding energetic ion is formed. The

ionisation is transferred through to a molecule of water, which in turn forms a cluster of

water carrying a charge. Finally, the analyte interacts with the pro tonated water cluster to
become protonated itself prior to the introduction to the mass spectrometer. 4 The APCI

source is shown in Figure 1. 6 and the ionisation mechanism is shown in Schematic 1.3

15



The benefit of having an atmospheric pressure ionisation source is that the sensitivity was
improved significantly due to the increase in ionisation efficiency caused by the source

operating at significantly higher pressures leading to more gas phase collisions. !

Sample Soln.

Heate
r € 7ev) +R (reagentgasy AR" AER'

R* + H.O0 AH0"

Nebuli 00
it 0 H,0* + H 20 AEH;0* + OH -
Gas 0 :
o =) MS inlet
H3:O* + nH ,O AH(H20),"
H(H20)n* + M @naytey A[M+H] *
Discharge
Electrode
Figure 1. 6 Left) the schematic operation of an APCI source adapted from 45 and Schematic 1.3 Right)
an example of an APCI ionisation mechanism route through water cluster formation.

The APCI technique did not gain significant popularity within the MS community until the
introduction of electrospray ionisation (ESI) and matrix assisted laser desorption ionisation
(MALDI). This was mainly due to the inability of the inlet systems of the mass
spectrometers of the time to cope with the significantly higher pressures that APCI
operates under. Although, significant work was being undertaken to improve MS inlet

technology to copy with these higher pressures. 46

ESI is very similar to APCI although the ionisation of the solvent takes place within the
liquid phase as opposed to within the gas phase. The ionised solvent is forced into droplets,
as in APCI, through a high pressure spray before they undergo coulombic explosion
forming even finer droplets. Finally the solvent is removed and the charge is transferred

to the analyte prior to MS analysis. 47

MALDI however, operates in a significantly different way from all the previously introduced
technigues. In MALDI the analyte is mixed together with a matrix compound (for example
dihydroxybenzoic acid) in molar ratios 1:5000 respectively within a suitable solvent. The
mixture is then applied to a plate and allowed to dry, a pulsed laser is fired at the plate

and the rapid gain in internal energy of the matrix induces a localised explosion of the
matrix material forming gas phase analytes. 148 The details of the ionisation mechanism of
MALDI are still disputed, “° but is still regarded as a soft ionisation technique owing to the
form ation of a variety of adducts of the analytes fimolecular ion such as the protonated

and sodiated forms.

$3&, (6, DQG 0%/', VHW WKH IRXQGDWLRQV IRU D QHZ FODVV RI WHFKQL
LRQLVDWLRQY GHVFULEHG LQ WKH QH[W VHFWLRQ
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1.2.4 Recent ambient  ionisation techniques

Today a wide range of ambient ionisation techniques are available with variants being
constantly reported. 5 Although the earlier ambient pressure techniques (ESI and APCI)
were being used and had been commercialised they still requi red sample preparation prior
to analysis. Two techniques, developed almost simultaneously, desorption electrospray
ionisation (DESI) 5! and direct analysisinreal  -time (DART) 52 were the first to allow analysis
of unprocessed samples in the open atmosphere. In essence, almost any sample could be
placed in front of the ionisation source and a mass spectrum could be obtained from the

sample § natural state.

At the time of writing there are almost thirty recognised ambient ionisation techniqu es,
the majority  of which are fundamentally based on APCI and ESI ionisation. The list of
ambient ionisation methods is too extensive to cover in meaningful detail therefore only

DESI and DART will be discussed here.

In DESI, samples are introduced in front of the DESI sou rce as opposed to being

incorporated into the solvent spray as in the ESI method. An ionised spray is directed

towards the sample and analytes are removed through a solid -liquid extraction process.
This extraction process is a combination of pneumatic acti on and localised electrostatic
repulsion upon introduction of the sample into the DESI stream. DESI -MSis able to achieve

experiments  (for solid samples) WKDW ZHUHQYW SUHYLRXVO\ DYDLODEOH WR (6,
found to be extremely useful for biological a pplications 53 owing to the soft  ionisation and

a spin off from these original biological investigations was found in DESI imaging.

DESI imaging is possible due to the extremely fine solvent jet that delivers the extraction

solvent. By placing the sample on to a motorised stage below the DESI source, pieces of
biological sample may be moved across a 2D plane. A scanning type motion can be made

and at each location a DESI mass spectrum can be collected. Microscopic images can then

be overlaid with mass spectra | intensity profiles correlating to ions of interest to show
locations of particular analytes within biological media. Figure 1. 7 shows a schematic of

the operation of DESI and an example of DESI imaging of a flower.

DESI Source

MsS
inlet

Py E

Sample

Figure 1. 7 Left) Schematic representation of a DESI source in operation adapted from 51 & Right) an
example of DESI imaging of a flower highlighting a particular compound of interest. 54
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1.3 DART -MS

Direct analysis in  real -time mass spectrometry (DART -MS) was introduced by Cody and
co-workers in a 2003 patent ( filed), 2 and was later introduced in an introductory paper in
2005. % DART is a type of APCI technigue that requires no sample prepara  tion. The key

components of a DART source are shown in Figure 1. 8.

. _
L) He(1'S) fHe(115)  n————

! 3
_ 3 He(23S) He(239) He(235) MS inlet
A | A" He(2°S) .

He(23S) He(233)

Figure 1. 8 A schematic cutaway view of the original DART source operating under helium. Ground
state helium (1 S)is moved to its metastable state (2 3S) inducing sample ionisation. Adapted from 56

The name DARTd RHVQITW GHVFULEH WKH whitlh @& pureePopenates unlike
many other techniques. As described by Gross 57 the actual name that describes the DART
source is a M7'3,,$3&,7 WKHUPDOn ®EMIRd) ®Wsatien -induced atmospheric
pressure chemical ionisation source. The simpler acronym DART describes what the source

does: analyse samples directly in real -time.

Since DART is an APCI based technique, it requires a carrier gas which is most of ten
helium, nitrogen or argon. The choice of carrier is significant as the energetic species
formed during the ionisation carry varying amounts of energy, which is of critical

importance to the type of mass spectrum obtained.

The carrier gas is passed thro  ugh a tube into the first region of the DART source where

the gas becomes energised. If a noble gas such as helium or argon is used P enning
ionisation occurs. Penning ionisation occurs through interaction of the gases with a glow

discharge (a high voltage disc harge between two points), the P enning ionisation induces
the carrier gas into a metastable state (either vibrational or electronic). Around the

discharge area other energetic species are developed radicals, ions (both cationic and

anionic) and electrons carried through the gas stream , left hand region of Figure 1.8

The charged species are filtered out by a series of electrodes as shownin  Figure 1.8 . These
electrodes have a bias charge applied to them so that the ionisation polarity may be

selected, this may be either positive or negative

The DART source also contains a heating element so that a hot gas can be produced to aid

the thermal desorption processes often required to analyse samples.

Since helium is almost exclusively used as the ion isation gas the ionisation mechanism will

be explained using helium (see Schematic 1.4 ).
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He + CG discharge /AHe* (1)

He*+M AHe+M™* +e- (2)
or
He*+N > A£He+N 2" +e- 3

N2 +N2+N2 AENs" + N2 (4)
Ns* +H 0 AH30" +2N »2 (5)
H3O* + nH 2O AH(H20),* (6)

H(H20)n*+ M (@nalytey AEMHT (7)

Schematic 1.4 Positive ionisation of analytes through interaction with metastable helium

Initially helium is energised into a metastable state (denoted as He*) thr ough P enning
ionisation induced by the corona -glow discharge (1). 8 The reason helium is used is one of

its metastable forms (He 2 3S) holds a high energy of 19.8 eV, sufficient to ionise most
materials %° The He* can interact with gas phase species upon rea ching the atmosphere,
either , naturally abundant gases (such as N 2 or O 2) or with gas phase analytes themselves.

If He* reacts direct ly with a gas phase analyte with a lower ionisation energy than 19.8

eV then the molecular radical ion may be produced (2). Alternatively the He* follows a

similar route to standard APCI ionisation where the charge is generated and passed on to

form protonated water clusters (3 -6). % The water clusters then act as re agentions (as in
APCI) and protonate the analyte (7). 61

Again, since He* carries a relatively large amount of energy it may generate a range of
ions that may induce P enning ionisation directly with gaseous analytes. N 4*,02"-and NO*
have all been shown to form analyte molecular ions [M] 57

Adducts may alsobe generated and are commonly observed depending on the atmosphere
around the DART source. Typically, ammonium adducts ([M+NH 4]*) may be observed
along with protonated molecular ions due to the natural ammonia present in the
atmosphere (between 0.2 and 22 g m-3 in the UK). 2 Itwas found that ammonium adduct
formation was significantly more stable than the corresponding protonated molecular ion

formation when using selected gases .53

Schematic 1.5 shows the potential analyte ion formation through negative mod e
interactions operating in DART. The same metastable helium formation is assumed to
generate the ther mally ejected electrons generating the reagent ions (1). Electron capture
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processes occur between atmospheric oxygen and the liberated thermal electrons f orming

oxygen radicals (2). Molecular ions may be generated as either oxygen adducts (3) or as

the molecular radical ion through loss of the recently bound oxygen (4). 55
Electrons may also react directly with the analyte to form the molecular radi caliont hrough
direct electron capture (5), or a molecular ion may be generated through dissociative

electron capture (6). Deprotonation can generate a molecular ion (7) with basic

interactions or through anionic attachment (8). 64
He* + G > He + G* + e (1)
e+ 02 > He + Oy (2)
O+ M > [M+0,]~ (3)
[M+0,]~ > M~ + O, (4)
M+e > M (5)
MX + e > M + X (6)
MH > [M-H]- + H* (7)
M+ X > [M+X] (8)

Schematic 1.5 Negative ionisati on of analytes using negative mode DART.

The DART source relies on thermal desorption of analytes from the surface of the
introduced sample. Typically a working temperature range of ambient to 500 °C may be

set, with higher boiling point compounds requirin g higher temperatures for thermal
desorption to occur, ® while low temperatures may be used for highly volatile
compounds. 4 Significant differences between the set temperature and the measured
temperature of the DART gas have been explored % and are cover ed in more detail in
Chapter 2.

In some cases ionisation can occur without external heating, even for low volatility
compounds such as salts. It was proposed that this effect arises from a chemical sputtering

process which occurs when charge clust ers build up on solid analytes.  %°

Since DART is a thermal based technique increasing temperatures have been shown to

leadto an increase in in-source fragmentation , a method in which an analyte has sufficient
excess energy (in this case provided thermally) to undergo self -fragmentation . This can
be particularly problematic at higher temperatures when relative signal intensities of

fragment ions increase leading to undesirable excessive fragmentation, profile

misinterpretation and overall loss of signal. 67
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Anoth er important factor  directly relating to the temperature is the distance between the

sample, DART exit and MS inlet. Manufacturers guidelines recommended that samples

should be introduced close to the DART source (within 3 mm) but care must be taken not

to contaminate the exit cap of the source. The distance variation created here causes

significant ly different mass spectral profiles to be obtained 68 and may impact the DART  §

ability to be used quantitatively.

Originally, samples were introduced directly i nto the DART stream using a pair of tweezers

but a range of sample introduction methods have now been developed. For qualitative

analysis most samples can be introduced directly into the heated gas stream using

tweezers or on a glass rod (either a melting point tube or  the commercially available DIP -
it® tip). This approach provides a mass spectrum usually within seconds of sample
introduction. For quantitative analysis using DART the use of transmission mode (TM)

DART is often employed. TM  -DART works by int roducing a rail (often motorised) across

the path of the DART stream, samples (primarily liquids) are placed onto a metal mesh

and placed within the sample rail. The metal mesh is gradually passed in front of the DART

source and the ionising stream passes through the mesh and ionises analytes bound to

the mesh itself.

Less common techniques include thin layer chromatography (TLC) plate holders, for

synthetic reaction monitoring, 8 and tablet holders for pharmaceutical applications. 70

1.4 Applications of D ART -MS

DART-MS has found applications in a wide variety of fields since its commercial
introduction in 2005 . Some of the key applications, discoveries and recent advancements

are described below.
1.4.1 Forensics

In a recent review by Hall etal. the author s note the use of DART as an excellent analytical

tool for the forensic scientist. 1

DART-MS was found to be an excellent method for analysis of energetic compounds, such
as explosives, having rapid and sensitive screening whilst adding the additional reso lution
needed for qualitative assignment. 2 The analysis of energetic materials is covered in

further detail in Chapter 5.0.

The risk associated with chemical warfare agents are currently headline news. 7®
Understandably the detection of these compounds (wh ich are usually volatile and in low
concentrations) is of paramount importance. DART -MS has been applied to the
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identification of a nerve agent and its derivatives which were successfully detected on a

range of surfaces, concrete, foliage and even bird fea thers. 7

In a novel application DART  -MS was applied to the analysis of exotic woods. The sale of
certain lumbers is internationally prohibited on rare and endangered species of certain

trees. Usually , it requires a specialist to identify different species of the same genus and
this is usually achieved through morphological studies, a time consuming process. The

study monitored volatiles released from lumber samples during DART -MS analysis.
Characteristic compounds were noted between species and usin g a type of statistical
analysis known as principle component analysis (PCA) trends were found to correctly

identify unknown samples. 7

The literature contains a large number of forensic and potential forensic applications of

DART-MS including seized drug identification, "® toxicological studies of metabolites " and
determination of document authenticity through studies of papers. ® The potential of
DART-MS as a screening tool for forensic science has become so apparent that a freely

available mass spectral database has been created to quickly help identify unknown
substances of forensic interest. Currently, the database holds spectra for over 800

substances of forensics interest. 7

1.4.2 Quality control

DART-MS has also been found to be particularly useful for routine analysis within the

quality control (QC) sector. The attractiveness of the technique is the high throughput that

can be obtained using the rapid analysis capability of DART -MS.
A paper by Zhang et al. described work on the analysis of illegal ¢ ompounds added to
cosmetics particularly glucocorticoids which serve as anti -inflammatories reducing acne

and dermal creasing. Although these compounds have desirable properties, repeated
exposure has been associated with adverse skin problems. The authors used a 96 well
plate attached to a motorised stage to allow for rapid screening of liquid samples deposited

on individual glass slides. This method allowed quantitative detection of glucocorticoids

through the addition of an internal standard. 80

Inanoth erstudy, DART -MS was employed to analyse pharmaceutical products for ethylene

glycol and diethylene glycol which are toxic and their level in formulations is strictly
regulated. Samples were spiked with both ethylene glycol and diethylene glycol at

thresh old concentrations to determine if DART was able to analyse the compounds in the

matrix of the formulation. The authors demonstrated that DART -MS was excellent at
detecting the spiked trace components and the speed of analysis was significantly higher

than the traditional method using a GC. 81
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The food and drinks sector has found applications  for DART -MS to study polymer additives

in food packaging . This is of particular importance as certain additives have been shown

to migrate into the food through close ¢ ontact with the encasing plastic . Ackerman etal.
used DART -MS to identify Irganox , a common stabilising agent, in a HDPE polymer

matrix .82 The potential benefit  of DART -MS is that the additives can be rapidly analysed

directly from both the polymer itself and also samples of the packaged food.

In addition, DART -MS has also been used for environmental analysis, 83 pharmaceutical
studies 8 and the profiling of synthetic chemistry reactions. 85
1.5 Recent developments in DART -MS

The introduction of DART - MS has provided a powerful technique for the analytical chemist.
However, limitations of the initial system were recognised both by lonSense®, a

manufacturer, and the broader DART -MS community. 8%

The first major development for DART ca me from the introduction of the DART -SVP the
DART- fV UHSODFHPHQW VB)HIN)A00X Uhe DART -SVP uses a fixed flow rate
and pressure of carrier gas to help with lab -to-lab reproducibility. Further consideration of

the fluid dynamics of the gases exiting the source cap were used in the design of the
successor model, the results from the study were based on how the stream of gas moves

around introduced glass rods.  ®

Most plasma ionisation techniques use helium, and the majority of the literature re ports
the use of this gas with DART  -MS. However, the expense and possible eventual shortage
of helium is of increasing concern. 8 To tackle this users are starting to evaluate the

potential of cheaper and plentiful gases such as nitrogen and argo n.%

Nitr ogen DART has been sho wn to typically rely on direct P enning ionisation of the analytes
themselves since the ionisation energy of nitrogen is insufficient to generate water clusters

as in helium DART. & The use of nitrogen metastables appears to generate a mmonia
adducts (lower ionisation energy required to form ammonium adducts and insufficient

energy to generate water clusters), which are more selective to non - polar molecules whilst

helium remains more sensitive to the generation of protonated adducts. 89

lonS ense® have introduced a number of ancillary attachments for the DART source,
including the HT (high throughput) for large numbers of samples and the infusion module

for assisted calibrations. %°

BioChromato have recently introduced a modification to th e DART -MS inlet system known

DV WKH p,RQBRFNHWY

23



Figure 1. 9 Left) The original DART -100 source % and Right) the successor, DART -SVP.% Both
analysing currency for trace compounds of drugs.

The lonRocket attempts to address the limitations of conventional DART associated with
how the sample is heated. The unit is installed between the DART and MS interface with

samples being placed in a small copper pot which is quoted to heat at a rate of 10 0°C
min ! between ambient and 600 °C. Evolved volatiles are ionised by the flowing DART

stream before being pulled into the mass spectrometer.

Bridge etal . investigated the analysis of vehicle paint for forensic purposes. They thermally

profiled layers of paint using an lonRocket = -DART combination and detected analytes not
seen using conventional DART  -MS or by pyrolysis GC -MS.%* H. Abe et al. also used the
thermal profiling capability of the lonRocket for the rapid screening of drugs directly within

comp lexes matrices such as blood and urine noting the ease of sample preparation

compared with alternative techniques. 9%

Forbes and co -workers have introduced two techniques for thermally desorbing samples
directly into the DART stream. In 2017 the group intro duced the JHTD -DART-MS system,
the name Joule heating thermal desorption describes the sample preparation step prior to

DART ionisation. Samples are rapidly heated through heating of a resistive wire which

causes them to thermally desorb. The group reporte d the additional benefit for the
detection of explosive compounds that typically have low vapour pressures through the

additional heat energy applied. %  Another recent development by the group used an
infrared heater to thermally desorb analytes on various swabbing materials, in a technique
known as IRTD -DART-MS.¥

DART-MS continues to show significant growth and development within the field of MS.
The rapid nature of the technique has allowed users to report on a variety of materials and

an extensive bank  of literature knowledge is being created. The hyphenation of ambient
techniques as a whole appears to be a promising avenue for MS ensuring analytes remain

intact for ease of deconvolution, opening the door of MS for non -mass spectrometrists.
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1.6 Thermal analysis

Thermal analysis (TA) is a branch of analytical science concerned with the study and

evaluation of the properties of a material with respect to temperature.

The initial IUPAC definition of TA excluded some key experiment types such as isothermal

analysis and sample controlled thermal analysis ( covered in S ection 2.7.4.1 ).% As such,

WKH GHILQLWLRQ ZDV PRGLILHG LQ WR LQFOXGH WKHVH plRUJRWW
ODWHVW ,83$& UHFRPPHQGDWLRQ DV SUHVHQWIHeM& and/ Kybis (BRAJ$& FRXQFL
is the study of the relationship between a sample property and its temperature as the

sample is heated or cooled in a controlled manner 990
In short, how does a material behave when heated or cooled?

In its broa dest context TA has been practis ed for centuries, even if the methods were
FUXGH E\ WRGD\YfV VWDQGDUGV 7KH HtH® widshtidry & TB BfaR X QWithh R |
extracting metals from their ores around 8000 BC, the firing of pottery and later making

glasses around 3400 BC, leading to the developments of Fahrenheit thermometry (the
measurement of temperature) in the 18 th century. It was after the development of
thermometry and the introduction of the analytical balance that the controlled and

guantitative studies of materials under the inf luence of temperature could be evaluated. 100

Today most thermal analysis techniques are typically categorised by the sample property
which is being studied. Table 1. 1 includes a list of some of the commonest TA techniques
and the properties that are measur ed. Table 1. 2 illustrates some common observable
thermal events, the property of the sample measured and the associated TA technique

used.

Table 1. 1 The most common thermal analysis techniques

Thermal Analysis Technique Property evaluated
Thermogravimetry (TG) Thermogravimetric Analysis (TGA) Mass
Differential Thermal Analysis (DTA) Temperature Difference
Differential Scanning Calorimetry (DSC) Heat Flow (Enthalpy)
Thermomechanical Analysis (TMA) Mechanical properties
Dynamic Mechanical Analysis (DMA) Elastic m odul us and dampening
Themomicroscopy (TM) Optical properties
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Table 1. 2 A representation of common events observed during thermal analysis.

Thermal Event Property Measured TA used to measure the event
Solid A Solid Phase transition DTA, DSC, DMA & TM
Solid ZLiquid Melting DTA,DSC & TM

Solid AGas Sublimation

TGA, DTA, DSC,
Liquid AGas Evaporation
Expansion Size change TMA, TM
Enthalpy DSC
Glass transition
Modulus DMA
Solid(glassy) ASolid(rubbery)

Volume Change ™

In accordance with the definition of TA, the sample must be subjected to a controlled

temperature programme. This is achieved in a number of ways (see Chapter 2 ) but in

essence the sample is situated in a furnace with heating achieved through applying cur
to a resistive wire , common in TGA . A thermal analysis experiment may comprise a

sequence of heating, cooling and isothermal stages called a temperature programme. Most

rent

TA techniques measure the temperature of the sample directly. This is achieved thr ough

a variety of means including the measurement of changes in resistance in platinum wire

or measurement of the voltage produced through thermoelectric generation between two

101

metals of different composition known as the Seebeck effect (achieved by cha rge carriers

migrating due to temperature differences between the materials). 102

The Seebeck effect is commonly employed in devices known as thermocouples. A range

of thermocouples exist and are typically selected for the instrument $§ application, high

te mperature, sub -ambient or chemically aggressive environments.

Most TA instruments use samples with masses in the 1 +20 mg range which are placed in
pans or crucibles (typically made from metal or a ceramic) for analysis. The plot of the

measured property  as a function of temperature is sometimes called a thermogram

Atmospheric control is often an important factor in many TA experiments and the use of
inert (such as helium or nitrogen) or oxidative (air) atmospheres can have a significant
impact on the results obtained. In addition to the reactive nature of the atmosphere,

differences in thermal conductivity and density can also have an effect.
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1.6.1 Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) measures changes in mass as a function of
temperature. As mass is a fundamental property of a material it has wide application and

is innately quantitative. TGA is used to measure thermal stability under different
atmospheres as well as decomposition and adsorption/desorption processes. 03 TGA
instruments operate over a wide temperature  range from sub -ambient ( ca. -120 °C) to

well over 2000 °C in some commercial models. 104

The key component of TGA (apart from the furnace) is the balance mechanism which

needs to be able to detect mass changes down to the microgram level. Figure 1. 10 (left)
shows a schematic representation of a TGA balance mechanism. A sample is supported on

one side of the balance whilst an inert reference counter mass is on the opposite side of

the cantilever . The amount of po  wer input to keep the balance level will be proportional

to the mass. The sample is situated within a furnace and the temperature is monitored by

a nearby thermocouple.

. ’ ” CaCos
955
Balance o
Sample Mechanism =
Furnace 2 |
~804
§7s§ COZ
Tare / Reference 70-;
Heat Heat Weight 65
eo; CaCOs3(s)> CaO0gs) + COzq) Ca0
ssi
100 200 300 400 $00 600 700 800 900
Thermocouple Temperature / °C

Figure 1. 10 /HIW $ VFKHPDWLF UHSUHVHQWDWLRQ RI WKH pKDQUWGB&A®Y EDODQFH
thermogravimetric analysers. Adapted from 103 & right) An example of a thermogram produced by
TGA monitoring the decomposition of calcium carbonate.

Figure 1.10 (right) is an example of a TGA thermogram for the decomposition of calcium
carbonate s howing the quantitative nature of the technique. CaCO 3 (RMM 100 gmol -1)
decomposes to CaO (RMM 56  gmol 1) with the loss of CO 2 (RMM 44 gmol ). The process

is reflected by the mass loss of 44%. 105

The quantitative feature of TGA can be used to evaluate eve n quite complex materials

which is often exploited within the polymer industry.

Jeske et al . showed that TGA could be used to determine the amounts of wood and co -
polymer in a wood plastic composite demonstrating a clear use for the technique in

manufactu ring quality control. 106
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1.6.2 Differential temperature techniques - DTAand DSC

Differential thermal analysis (DTA) and differential scanning calorimetry (DSC) are related

techniques which utilise the differen ce in temperature between a sample and an iner t
reference material  caused by enthalpic or heat capacity changes in the sample. As every

physical or chemical process involves releasing or absorbing heat energy then DTA and

DSC can be considered as universal TA techniques.

Figure 1. 11 shows schematics of a DTA and DSC system. In DTA the sample and reference
are separated and (nominally) there is no direct heat path between them. In standard
(heat -flux) DSC the sample and reference are normally thermally linked through a shared

thermally conductive metal plate.

Both techniques utilise a pair of thermocouples arranged in such a way that a differential
signal (typically uV) is produced whenever there is a temperature difference between the

sample and reference.

Furnace Furnace

Heat Heat
Sample — » Reference Sample AT Reference
Thermocouple AT Thermocouple Thermocouple Thermocouple
Figure 1. 11 Schematic instrumental comparisons of DTA (Left) adapted from 107 “and DSC (right)
adapted from 108
The presence of a heat path in DSC means that the heat flow between sample and

reference can be monitored and converted to a measurement of power after a suitable
calibration factor is  determined by using melting point standards . It is also considered
more sensitive at lower temperatures. DTA on the other hand, is generally more sensitive
at higher temperatures and without the requirement for an efficient heat path between

sample and reference crucibles constructed from alumina or another refractory material. 109

The thermogram profiles obtained for these differenti al techniques are functionally
identical, although as stated it is the measurement that differs. 110 When the sample
temperature lags behind the reference temperature the sample is undergoing an
endothermic transition such as a melting or dehydration. In co ntrast when the sample
leads the reference temperature the process is exothermic, examples of observable

exothermic processes include crystallisations and oxidations. 11
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Figure 1. 12 shows an example of a DTA  thermogram obtained for polylactic acid. 112

This example serves well to demonstrate some of the key features noted by differential

temperature techniques. Initially an endotherm is shown around 60 °C, and this can be

attributed to the glass transition (T g) of the polymer, note the step change in baseli ne (due

to a heat capacity change) and the accompanying endotherm caused by the polymer

HPUHOD[LQJY 7KH VHFRQG HYHQW EHWZHHQ DQG f& VKRZV D EURD
known as cold crystallisation, this is a common event that occurs between T g and the

melting point, this process is covered in further detail in the Chapter 4. The final event is

the endothermic melting around 140 °C, since the material requires more energy to melt

and undergoasolid -OLTXLG SKDVH WUDQVLWLRQ WKH VDERReeldui®dpPJIJV] EHKLQ
the event and gives the melting profile before return ing to the baseline when sample and

reference show no changes in enthalpy

Endo |

AT

I I T T
40 60 80 100 120 140 160
Temperature/ °C

Figure 1. 12 A differential temperature trace obtained for polylactic acid. Adapted from. 112

Low temperature phase change materials (PCMs) are increasingly being incorporated into
construction materials (such as concrete) as a chemical means of energy storage. During

the day the materials will be heated until they undergo an endothermic phase chan ge

taking in excess energy. During the night when temperatures fall, the materials

exothermically revert to their original phase releasing the stored energy. 113 Ge etal . have
shown how DSC is an ideal technique to evaluate the effectiveness of different P CMs, 114
DTA finds its main uses today as a complimentary technique for TGA or for high

temperature work. A simultaneous thermal analyser (STA) combines both a TGA and a
DTA (or sometimes DSC) to yield a very powerful technique, resulting in both enthalpic

changes and mass losses being monitored simultaneously. Applications of DTA used in a

STA system are numerous. Lalia  -Kantouri et al . have shown how the technique can be
used to determine the authenticity of historically significant bricks and the temperat ures
at which they were likely to have been formed. 115
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1.6.3 Thermomechanical Analysis (TMA)

Thermomechanical analysis (TMA) is the study of the dimensional changes of a material

as a function of tempe rature and is widely applied to the study of deformatio ns or

relaxations of materials that will be subjected to environmental temperature changes.

TMA works by applying stress, usually compressive or tensional, to a material as it is

103

heated. Itis ideally suited to studying the softening of a material dur ing a glass transition

(Tg) or measuring the extent of expansion of a material during a heating or cooling

Figure 1. 13 shows examples of how these properties are measured, the probe distance

changes when the material softens through T g the probe displace ment is continuous for a

thermally expansive material.

Ouyang et al . applied TMA to the determination of the glass transition temperature (T g) of
synthetic fibres through the change in the coefficient of linear thermal expansion (CTLE)
above and below the  glass transition temperature. 116 The authors used this method to
evaluate the properties of the fibrous material as a function of different spinning speeds
used in the manufacturing process.
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Figure 1. 13 Representation of how TMA is applied to monitor dimensional changes in materials.
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1.7 Hot - Stage Microscopy

Hot - stage microscopy (HSM) and thermomicroscopy (TM) are terms used interchangeably
to describe instrumental techniques for thermoptometry, a proc ess where an optical

property is monitored as a function of temperature.

There are many variants of thermoptometry including, thermoluminescence analysis
(monitoring light emitted from a material), thermophotometric analysis (monitoring the
intensity of r eflected light) and thermospectrometric analysis (monitoring the reflected or
transmitted wavelengths).  1°° However, in contrast to TG and DTA/DSC, HSM is a relatively
unused technique and many TA users may not realise the useful information that it can

pro vide.

There are broadly two main types of HSM systems distinguished by how the optics are
orient ated and the natu re of the sample being analysed. Both use a heated stage to
transmit heat through to the sample so that optical data may be collected as a fun ction of

temperature.

One type of HSM uses a compound microscope (Figure 1. 14, left hand image). Typically,
this type uses higher magnifications and relies on the sample being transparent as light is
transmitted through the sample. It is particularly usefu | for studying processes such as

melting or phase changes in small samples such as single crystals.

The other HSM type utilises a stereoscopic m icroscope (Figure 1.14 | right hand image).
This form is a surface imaging technique and is not limited to trans parent samples . It is

most useful for materials that undergo changes in colour or geometry and is mainly applied

to the study of larger samples around 10 mg (more typical of conventional TA).

Figure 1. 14 A graphical comparison of the two types of hot -stage microscope system. Left)
Compound HSM and Right) Stereoscopic HSM.
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1.7.1 Applications of HSM

Both compound and stereoscopic hot -stages are available commercially and often come
with a range of attachments for analysis in more demanding environments. The
atmosphere of most HSM systems can be controlled by covering the sample with a

transparent wind  ow allowing the effects of oxidative and inert atmospheres to be studied.

In a study by Charsley et al. areductive atmosphere was used to convert lead oxide into
its metallic form, since the reduction occurred at a temperature above the melting point
of lead (327 °C) the metallic lead was found to coalesce into a single bead of molten

metal. 117

As well as selective atmosphere control, reduced atmospheres may be generated through
the attachment of a vacuum. Thorsen et al. applied HSM to high temperature welding
studies under vacuum conditions and showed that by adjusting the pressure the

temperature at which ~ metallic brazing occurred could be shifted. 118

Many HSM systems allow sub  -ambient studies through the use of Peltier coolers or liquid
nitrogen. Diogo and Ramos have recently demonstrated the identification of two different
polymorphic forms of a potenti al pharmaceutical compound by using a combination of sub -
ambient HSM and DSC. 11°

There are many published articles on the application of compound HSM to the study of

cocrystals. Perpétuo et al. studied the formation of a cocrystal between ketoprofen and

ni cotinamide using polaris  ed (light oriented in a single plane) light microscopy (PLTM) L120
PLTM allows investigation into the birefringence of a material, a type of double refraction

causing a colour to appear in crystalline materials although for amorphous materials or
crystals in a cubic form this effect is not observed and the material cannot be discerned

from background due to low contrast. 121

Compound HSM has also been applied to the study of liquid crystals where phase changes
can have low energy, maki  ng DSC studies difficult, but have significant optical changes.
Meltzer and co -workers have reported this effect through comparative studies between

DSC and polarised HSM when investigating a cholesteril -based liquid crystal system. 122

HSM has the capabili ty to monitor formation of gases when the sample is liquid or
submerged within an oil. Small microbubbles, formed as gaseous products are released

can be detected. This can be particularly important for monitoring the degradation of
pyrotechnic composition s to show the onset of degradation prior to the ignition
temperature. Pyrotechnic compositions will typically show sharp mass losses through TGA,

but through HSM earlier stages of decomposition can be seen. 123 The method of monitoring
gaseous product forma  tion is commonly utilised in HSM by submerging the sample in a

liquid (demonstrated in Figure 1. 15). 14
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Figure 1. 15 An example of HDM monitor ~ ing gaseous product release.  Adapted from 124

Thermochromics are a class of compounds which undergo a phase change , often
reversible, associated with a colour change making thermochromics ideally suited to HSM

analysis. Bourne etal. showed the potential of HSM in their study of thermochromism for

crystals of an organometallic cobalt complex as shown in Figure 1. 16.1%

Figure 1. 16 An example of a thermochromic material studied using HSM. Adapted from 125

Another study by Miyake et al. used stereoscopic HSM to study the effects of the
decomposition of ammonium dinitramide, a solid classified as an energetic materia I. The
decomposition was initiated through the melting of the dinitramide and subsequent

reaction with a copper oxide catalyst. Through monitoring the colour, surface effects and

correlation with evolved gases techniques the authors were able to evaluate a

decomposition pathway. 126
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1.8 Simultaneous TA & Hyphenated TA techniques

The benefits of combining thermal analysis techniques (sometimes termed hyphenated
technigues) to increase the information obtained in a single experiment ha s long been
recognised , particularly in cases where samples may be in limited supply such as
extraterrestrial  samples, historical artefacts or materials that are difficult or expensive to

synthesise. 1

The combination of TG -DTA, or TG -DSC, discussed earlier, is the most common
hyphenated technique and the term simultaneous thermal analysis (STA) specifically

applies to it. Although there are benefits, there can be compromises with hyphenated

techniques as the desirable conditions for one technique may conflict with the other so the
results may be weaker than both performed individually. However, these difficulties have

been partly addressed with the improvements in electronics, computing and modern

precision engineering. 103

Evolved gas analysis (EGA) is a thermal analysis techn ique where gases released by a
sample during heating (either through desorption, decomposition or reaction) are

monitored. Typically, techniques such as MS or Fourier transform infrared spectroscopy

(FTIR) are used to allow identification of unknown volati les. Although sometimes us  ed as

a separate technique, EGA is most commonly linked with another TA technique such as

thermogravimetry. In TG -FTIR, the whole gas flow (carrier, reactant and product gases)
passes directly from the TGA to the FTIR for analysis so the concentrations of gaseous
analyte remain representative of product evolution. Le

TG-MS is typically quicker, more sensitive and is significantly less subjective to spectra I
interpretation than FTIR, but does come with compromises such as higher in strument
maintenance and generally higher instrument cost. In addition, reduced flow rates are

usually required for better mass spectra generation, meaning that only a small portion of

the gas stream is sampled. 12 There is the additional complexity of ens uring the transfer
line between the sample and gas analyser is short and sufficiently heated to ensure that

minimal condensation occurs and the lag between vapour formation and detection is

minimal.

In both methods  (MS or FTIR) of TG-EGA advanced graphics such as 3D plots may be
produced to represent how the chemical information ( m/z or wavenumber) and intensity
change as a function of temperature or time. This is usually combined with an overlay of

the TG thermogram. Bakierska and co -workers ¥ used TG-FTIR to investigate the
decomposition products generated through the thermal analysis of aerogels synthesised

from different  polysaccharides (see Figure 1.17 ).
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Figure 1. 17 An example of data generated through TG -FTIR. Left) FTIR time profile Right) TA data.
Adapted from 12°

In early research by Haines and Skinner, a DSC was modified so that a microscope could

be focused onto the sample pan. The authors noted that topological changes in the sample

could be monitored by the addition of a light sensor to the mi Croscope eyepiece to measure
the reflected light intensity (RLI). RLI allowed subtle changes in the sample, not detected

by the DSC, to be observed and highlighted the benefit of the combination of the two
techniques.

HSM-DSC has seen significant growth recently with the introduction of commercial
instrumentation  Sorrentino etal. noted how crystal growth in polymers is typically studied
separately through enthalpic methods (such as DTA or DSC) and through surface analysis

(microscopy) and that combini ng the techniques had obvious benefits. 131

Alimi et al. used a DSC600 HSM -DSC (Linkam) to study a property known as
WKHUPRVDOLHQFH ZKHUH D FU\WVWDO pMXPSVY RU H[SORGHV GXULQJ W
changes in internal mechanical st rain (Figure 1.18 ). The DSC trace shows how a large

exotherm accompanies the thermosalience of the crystal during cooling whilst the

micrographs provided by the microscope show the crystal fragmentation. 132
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Figure 1. 18 Thermosalience demonstrated using HSM -DSC. Left) DSC of the energetic event & Right)
micrographs of a single crystal of p -aminobenzonitrile exploding during cooling.
The combination of microscopy with TGA has been evaluated by Matzakos and Zygourakis

who used a TGA coupled with a video microscope to allow monitoring of samples within
the sample pan of a hang down balance mechanism within a furnace. The authors used

this arrangement to monitor coal under rapid heating and pyrolysis conditions. 133

The | iterature does appear to be lacking in hyphenated HSM -EGA techniques. As described
earlier HSM users readily submerge their samples to monitor the formation of gaseous

products, but monitoring these products through more sophisticated techniques appears

almost unexplored.  The use of mi croscopy with mass spectrometry is becoming more

abundant within the literature e ven though HSM and EGA is lacking. 134,135

One of a few papers that documents HSM used in combination with a mass spectrometer
was reported by La mprecht etal . The technique hyphenation was actually developed from
a HSM - TG arrangement. To further characterise the TG profile the vented gas stream from

the hot -stage was introduced directly into a quadrupole MS. 136

The authors used the combination of the three techniques HSM, TG & MS to monitor
differences in how lichens (a symbiotic organism between an algae and fungi) deteriorate
ancient pigments. This was achieved by monitoring the degradation of calcium oxalate

films formed by the different organis ms and thermally profiling them.

The technique shows how morphological changes can be linked to mass losses and with

the addition of a mass spectrometer the gaseous products could be assigned.

The development and application of an integrated hot - stage m icroscope direct analysis in

real -time mass spectrometry system is described within the upcoming chapters combining

well established thermal analysis and mass spectrometry methods. This work aims to

DGGUHVV WKH PLVVLQJ pJDSYT ZLWKLQ WiK Ebmbihatiod bfDanakticel WKURXJK W
techniques HSM and DART -MS.
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2.1 Introduction

This chapter describes the various stages in the development of the Hot - stage Microscopy

Direct Analysisin  Real-Time Mass Spectrometry (HDM) instrument and software.

7KH LGHD Rl +'0 GHYHORSHG IURP DQ HDUOLHU SURMHFW LQYHVWLJDW
commonly observed within DART -MS where t he apparent intensity of an ion may be

reduced by the presence of o  ther analytes or the sample introduction matrix itself. The

plan for this study involved using optical microscopy to determine if any correlations could

be drawn between the ablation processes (the removal of compounds, or layers of

compounds) observed dur  ing DART analysis and the order of layers applied to surfaces of

common DART sample int  roduction matrices such as DIP -it® tips or wire meshes.

A related preliminary project investigated the relationship between the set temperatures,
as applied by the heate d DART source, and how the actual temperature of the sampling

region varies , through the use of low mass thermocouples.

The result of these initial studies demonstrated that there could be many benefits in a true
combination of DART -MS and hot -stage micros copy. At the start of the current project a
list of desirable features for the proposed HDM were devised with the aim of constructing

a truly integrated instrument

1. To have a hot -stage that could be accommodated within the geometry of the
DART-MS while heating samples under the controlled conditions required for

thermal analysis.

2. To be able to accept samples as either liquids or solids in the typical mass range

used in conventional thermal analysis (from a few milligrams).

3. To incorporate a simple b  ut effective digital microscope that could be

accommodated within the geometry of the DART -MS.
4. To be as simple as possible to facilitate construction and minimise cost.

5. To modify existing software to allow real -time collection of images and other

optical information from the sample during an experiment.

6. To modify the existing software to allow the future incorporation of cheaper
computing platforms to eliminate the need for expensive temperature

programmers.
7. To incorporate an alternative, simp ler, ionisation source.

The HDM went through a series of iterations of both hardware and software as

improvements in design and functionality were implemented.
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2.2 Initial evaluation studies using DART -MS
2.2.1 Suppression effects

This investigation was one of two preliminary studies that led to the development of the
HDM system. Its aim was to evaluate the effect of having compounds deposited in layers

on a wire mesh (utilised in transmission mode DART -MS (TM -DART)) when analysed using
DART-MS. As part of the initial study a simple rig was developed (see Figure 2. 1) *that
incorporates the use of a digital USB microscope (Supereyes, B008) . The microscope
provide s a series of images to link mass spectra with the extent of ablation or thermal

desorption d epending on the set temperature of the DART outlet.

The rig consided of a wooden frame incorporating a mount to hold the USB microscope
(away from the DART source) that was adjustable using M8 threaded rods, and a linear

rail to alow accurate positioning o f the wire mesh  sample holder respective to the USB

microscope.
<4+— Wooden Support
A B
Adjustable Rails
/ B
Figure 2. 1 A schematic of the imaging station constructed for DART -MS ablation studies. A) USB
Microscope and B) Sample rail. The rig was constructed to allow for accurate repositioning of the

sampling rail in front of the USB microscope.

The evaluation study focused on comparisons betw een rhodamine B ( Aldrich, 97%
analytical standard) and benzil (Aldrich, 98%). These compounds were selected as they
gave strong colours, large mass differences and were readily ionised. The DART was

operated at a temperature of 150 °C (a commonly quoted DART operating temperature)

in positive ionisation mode. Dominant s electedions of benzilandr  hodamine B were chosen
(211 Da [M+H] * and 443 Da [M -CI]-, respectively) and recorded as a funct ion of time

through their extracted ion chromatograms (EICs) . Solutions of the two compounds were
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prepared (1000 ppm in methanol) and loaded onto metal meshes he Id by the in -house

constructed TM (transmission mode) rail developed in the previous study A

Most of the benzil was removed within the first few minutes of exposure to the DART

stream as can be seen in Figure 2.2. Rhodamine B bound more strongly to the me sh
surface and experienced a longer signal lifetime than that of benzil. A clear pattern can be

seen from the removal of the rhodamine B directly from the centre of the mesh where the

heat was most concentrated.

As the individual profile characteristics w ere obtained for both benzil and rhodamine B ,a

physical mixture was made of the two solutions and placed directly onto the mesh and

allowed to evaporate. Benzil (E) appea rs to suppress the rhodamine B (F) in Figure 2.3

through the delay in the rhodamine B ion maximum . The individual profiles (Figure 2.2)

show that the rhodamine B exhibits a gradual decline from the onset of the experim ent as

opposed to reaching a maximum later on as is observed  with the mixture example.

In another experimentb  enzil (E) was then added to the mesh and all owed to dry . To this

rhodamine B (F) was added and the mesh analysed ( Figure 2. 4). In this example it is

evident that the upper layer of rhodamine B DSSHDUV WR PuSURWHFWY WKH ORZHU OL

extending the sampling lifeti me. The images show the mesh ap  pears more like the

rhodamine B than the benzil.

The reverse profiles are shown in Figure 2.5 for a layer of rhodamine then benzil, in this
example the mesh looks more benzil like showing more crystallisation. Benzil (E) appe ars

to su press the rhodamine B  ion profile (F) for the duration of the experiment.

In terms of the current research, this preliminary study had three important conclusions:

(a) Simple digital USB microscopes could provide useful ancillary information to
comp lement DART mass spectra.

(b) A more accurate control of the temperature than provided by the DART may
allow thermal separation of mixtures with different physical properties such as
melting points or decomposition temperatures.

(c) Compounds adhering to meshes ma y have different binding affinities to the
surface, this may result in different mass spectra depending on the type of

mesh used.
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Figure 2. 2 Individual component comparison. Removal of benzil from steel mesh A = benzil at 0
min, B = benzil at 10 min, C = EIC of benzil 211 Da [M+H] * D =rhodam ine B at 0 min, E =
rhodamine B at 6 0 min and F) EIC of rhodamine B 443 Da[M -CIj*.
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0.6
0.5
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Figure 2. 3 Mixture analysis of benzil and rhodamine B from a mesh surface. A = 0 min, B = 20 min,
C =40 min and D = 60 min. E = EIC of benzil 211 Da [M+H] * F = EIC of rhodamine B 443 Da[M -

Cl]* plot ted as a function of time
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Figure 2. 4 Layer analysis of benzil layered then rhodamine B on top. A =0 min, B =20 min, C =40
min and D = 60 min. E = EIC of benzil 211 Da [M+H] * F = EIC of rhodamine B 443 Da [M -CI1*
plot ted as a function of time
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Figure 2.5 Layer analysis of rhodamine B layered then benzil on top. A =0min, B=20min, C =40
min and D = 60 min. E = EIC of benzil 211 Da [M+H] * F = EIC of rhodamine B 443 Da [M -CI*
plot ted as a function of time
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2.2.2 DART -MS Temperature profiling

DART-MS users within the literature commonly quote mass spectral pr ofiles achieved at
the DART set temperature. It has been noted by several research groups that there is a

significant temperature gradient between the DART outlet and the MS inlet. 2 The second
preliminary study investigated this effect, noting the temperature gradients when using

DART-MS, a feature that was hoped to be eliminated in the development of HDM.

DART has been shown to have a coronal type exit plume as was noted in earlier studies. 2
The study had shown that the exit gas acts like a focused jet which aids with the idea that

DART is actually mildly destructive causing sample ablation as was discussed in the

previous sec tion (S ection 2.2.1). Thermal modelling of the DART exit gas plume was
performed and confirmed with thermocouple measurements by Harris et al. the study
shows the rapid decline of temperature within the sampling region and how the

temperature models are affected by sample location within the gas stream. 4

To eval uate the DART temperature plume an experimental rig was designed to profile
temperature as a function of distance (see Figure 2. 6). The rig consisted of an X  -Y axial
mount that held a low mass type K thermocouple connected to a thermocouple reader

with 0.1 °C precision. The temperature per sampling position was taken by allowing the

temperature reader  to take the average reading over an arbitrary 10 second period.

The DART parameters were fixed to give ahelium flow rate of 1.5 L min -1 and temperatures

were fixed at three  set temperatures ; 150, 250 and 350 °C. Sample measurements were

taken once the DART temperature had stabilised itself according to the '$57MV RZQ
controller software. A fixed distance was selected at the midpoint between the DART outlet

and the MS inlet (6 mm), from this distance sweeping measurements of temperature were

taken 5 mm apart in two planes up to a radial distance of 20 mm from the midpoint

Three set temperatures were selected to give a representation of standard operating
temp eratures used for DART analysis ; 150, 250 and 350 °C. The raw values were recorded
into a 2D plot and a colour gradient was applied to give a better visual representation of

the temperature about the DART exit cap , shown in Figure 2. 7.
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Figure 2. 6 Temperature mapping rig for DART thermal profiling. a) Type K thermocouple (0.1mm),
b) Thermocouple reader, ¢) Sampling within the discharge area, samples taken 5mm apart (*) from

the centre of the DART source (@), d) DART source, €) Y

support.
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Figure 2. 7 An example of thermal profiling of the DART outlet region at 150 °C
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Figure 2. 8 DART sampling region temperature profiles. a) 150 °C,b)250 °Candc)350 °C.

Using Microsoft Excel average colour plots were generated from the raw data (shown in
Figure 2. 8), these were generated by assigning a colour to temperature range, and then

applying a series of averages between the points . The outlet has a focused temperat ure
region of about 5 mm at the centre of the stream, and the temperature gradient rapidly

falls away with distance away from the centre (Figure 2.8, a, b and c)

An inverted tear drop shape is shown in the higher temperature plot s. This shape has
arisen due to the thin thermocouple ceramic support beginning to heat up itself, the heat

transmits down the ceramic towards the thermocouple tip, and hence the shape is only

noted at higher temperatures in the lower sampling region. In an ideal design the point of
the thermocouple would have been positioned coaxially into the DART stream to eliminate

this effect, although the geometry did not allow for this.

The temperature gradient was approximately 70 to 80 °C lower than the set DART
temperature, which is to be expected when the preheated gas stream hits the cold front
of air within the sampling region . The difference in quoted against actual temperature has

significant importance when quoting thermal based events, such as the sample desorption

temperature.
Int erms of current rese  arch, this preliminary study had two important conclusions:

(&) The best results would be obtained if the sample was reproducibly positioned
between the DART source outlet and the MS inlet, thus controlling metastable
exposure and desorptio  n temperature improving the reproducibility of MS profiles
obtained.

(b) A localised and controllable heating source would be desirable to heat the sample,
as opposed to relying on the heated gas stream from the DART source. This method
would be significantly = more comparablet o conventional thermal analysis and give

more reliable results in general, improving reliability of data obtained.
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2.3 Development of HDM

Partly as a result of the preliminary studies described previously, the potential benefit of
a hyphe nated hot -stage microscopy DART -MS system was recognised. The HDM went
through several major design iterations both in terms of hardware and software, the

following section describes these developments.
2.3.1 HDM Instrument Overview

A schematic representat ion of the current iteration (using hot -stage 2, introduced later)
of the HDM system is shown in Figure 2. 9. The system brings together three key pieces of
instrumentation; a hot  -stage microscope, a DART ionisation source and an ion trap mass

spectrometer.

\d K

'

Figure 2. 9 Schematic representation of the HDM system. A) DART, B) Digital Microscope, C) Hot -
stage, D) Mass Spec., E) SSR, F) PSU, G) HSM Monitor, H) MS PC, 1) MS Monitor, J) Eurotherm
E818p, K)HSM PC.

O

The equipment can be considered from two separate viewpoints depending on the user;
either a thermal analysis instrument with a high quality chemical detector attached or,
alternatively, as a mass spectrometer with a multifunctional thermal desorption -ionisation

source.
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The core components ofth e HDM are:

(@)

(b)

(©)

(d)

(e)

(f)

Hot -stage (C in Figure 2. 9)

Various prototype hot  -stages were constructed in ~ -house but all were fundamentally
similar. They consisted o f a series of ceramic components, nichrome resistive
heating wire and embedded low mass type K thermocouples f or sample
temperature measurement. Typically the hot -stages were designed to hold
conventional thermal analysis pans between 5 and 6 mm in diameter. The hot -

stages are discussed in greater detail in S ection 2.4.

Power -supply (F in Figure 2. 9)
Avariety of power supplies were trialled, the current iteration of HDM uses a switch -
mode unit (TooGoo ©, AD2410, 240W) capable of delivering 24 V DC and drawing

a maximum current of 10A.

Solid state relay (E in Figure 2. 9)
An optocoupled solid state relay (FDTEK , SSR - 25 DD) was used to switch the power
supply. The solid state relay was controlled through logic level signal provided by

the temperature programmer.

Temperature programmer (J in Figure 2. 9)
A Eurotherm ® 818P temperature programmer was used and inter faced to a PC

running the HDM controller and analysis software via a RS232C serial connection.

The unit continuously measures the temper ature ofthehot -stageviathe embedded
thermocouple. Power is applied to the heating wire within the body of the hot -stage
from the power supply using a technique known as pulse -width mod ulation

described laterin S ection 2.3.2.

Digital microscope (B in Figure 2. 9)
A variety of digital USB microscopes were trialled (see S ection 2.3.3) but generally
a resolution of 800 x 6 00 was used. The focal length and magnification were

adjusted so that the entire 6mm pan filled the image.

Computers (H & K in Figure 2. 9)
Two computers are used in the operation of HDM. The first runs the HDM software.
The second controls the DART (lonse nse, DART control) and the mass spectrometer

software (Bruker, esquire control).
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(g) DART source (A in Figure 2. 9)
The DART -100 source serves as the ionisation source in the HDM system. The DART
voltages were fixed at needle voltage 3 kV, discharge and grid electrode 400 V.
The gas flow rate through the DART source was controlled through a needle valve
and measured using  a digital flow meter (Omega, FMA3109) and calibrated using
a positive volume displacement method. 5
The temperature of the DART source was typically set to operate at a fixed
temperature of 30 ° C so that any heating was solely provided by the hot -stage.
The DART source may be operated in either positive or negative polarity mode,

selected through the DAR T controller software depending on the nature of analysis.

(h) Mass spectrometer (D in Figure 2. 9)
The ion trap mass spectrometer (Bruker, esquire HTC) was used to analyse samples
in either positive, negative or alternating polarity modes depending on the nat ure
of analysis. The mass spectrometer was operated using the dedicated controller
software. The mass spectrometer was optimised for DART analysis and the method
was fixed throughout the research project using the following par ameters unless
otherwise stat ed: analysis was typically collected over a mass range of 50 -2800
Th, t he source temperature was set to 300 °C, an accumulation time of 200 ms
was used, a Smart target of 200, 000 was set and the capillary voltage was set to
4kV.

(i) HDM controller software
This was developed from existing software written within the University of
Huddersfield by Dr Gareth Parkes using VB.NET. The software controls the
temperature programmer, records and processes images from the microscope and
saves the data in the CSV form at, allowing post  -acquisition processing. A review of

the software is given in Section 2.5.

A flow diagram of the operation of HDM is given in Figure 2. 10.
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Figure 2. 10 Flow diagram of the operation of HDM.

2.3.2 Temperature control - PID algorithm and pulse width modulation

Accurate control of the temperature of the sample heater is a vital part of any thermal
analysis instrument. To achieve this there needs to be a i nk between the temperature and

the electrical power being supplied to the heater.
Four terms are considered:

(a) The process variable (PV), in HDM this is the actual temperature.

(b) The setpoint (SP), the temperature the HDM should be.

(c) The error (e), the difference between PV and SP.

(d) The Output, the measure of power being supplied to the heater.
In temperature control systems the error is continuously calculated and used to modify
the output. If e = 0 (PV = SP), that is if the actual temperature is equal t o the setpoint
the output remains unchanged. If PV>SP (e<0) then the output is decreased, contrastingly
if PV<SP (e>0) then the output is increased. The aim of any controller is to attempt to
maintain the error, at, or near, 0 even if the SP is changing wi th time (as would be the
case during a linear heating experiment). There are many mathematical relationships

DOJRULWKPY OLQNLQJ WKH RXWSXW DQG HUURU EXW WKH PRVW FRPP

P stands for proportional, | for Integral and D for deriva tive. ® This type of control is shown
in Figure 2. 11. The PV (actual temperature) is represented by the blue trace and the
setpoint (SP) is given by the red dashed line. The PID algorithm reduces the error over
time until the error becomes 0 when PV = SP, i deally the time should be a short as possible

whilst retaining good control (minimal overshoot).
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Figure 2. 11 Representation of how  PID temperature control works, aiming to get the temperature
(blue line) to match the setpoint (red dashes)

Within the HD M system PID controllers (Eurotherm and Arduino, Section 2.7.2.1)
incorporate the individual terms to evaluate how the error may be change over time and
how best to control the output to maintain the best possible temperature control. The PID

terms act as follows:

(P or K p) Proportional. This term is directly proportional to the magnitude of the
error. This is usually the main controlling term used in the algorithm but if used

solely can induce major oscillations of the PV about the SP.

(lorK i) Integral. Thisterm is proportional to the magnitude of error over a selected
period of time (denoted as e(t)). The integral term usually compensates for the
UMXQGHUVKRRWY IRXQG ZKHQ WKH 39 ODJV EHKLQG WKH 63

(D or K 4) Derivative. This term is linked to the rate of change in error over a
selected period of time. The derivative acts like a dampener, slowing how rapidly

PV approaches SP, and can minimise induced oscillations of the PV around SP.

The three terms are individually weighted and then summed to produce the output value.
The values for the weightings are crucial for good control which is essential for thermal
analysis. These values are dependent on how responsive the sample heater is and usually

dictated by how good a heat path exists between the heater and t hermocouple.

Other terms may be incorporated into the basic PID algorithm to further improve the

control and responsiveness of the system. The two most common are:

(Pband) The proportional band is used to account for any large differences between

PV and SP which may occur, particularly when the controller is initialised. A basic
description is it allows regions of coarse and fine PID values to be set. Should e lie
outside of the P hana coarser weighting values are applied, this minimises control and
focuses on making the PV come close to SP as quickly as possible. Once e lies within

the P bana finer weighting values are used, aiming for better control over speed, this
ensures minimal overshoot of PV against the SP. Typically, the Eurotherm system

uses P only i fthe error is greater than the P band , aNd introduces | and D when e <

Prand to regain control.

(Pgain) The proportional gain is used to account for significant differences between

PV and SP by scaling the response of the P term by apply ing a multiplicatio n factor.

A typical PID algorithm (incorporating the P band ) IS Shown as a block diagram in Figure

2.12.
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Ife>P pand

Error=e=SP -PV

Figure 2. 12 PID block diagram used in the temperature control of the hot -stage.

The output is calculated according to the following algorithms (Figure 2. 13) based on the
block diagram in Figure 2. 12. The Eurotherm controller uses the proportional only term

when the e rror is outside of the P band (€ > P band), When the error is within the P band (€ <
Prand) the D and | terms are included. As was introduced in the description of the individual

algorithm terms, | and D have a time component (t). Time is used in this algorit hm to

monitor how the error is changing within a certain time period.

This approach is used by the Eurotherm, later, the Arduino microcontroller is introduced
(Section 2.7.2.1) whichus  es PID continuously regardless if the error is above or below the
Pband . Instead, the Arduino PID utilises fine (K o, Kii and K1) and coarse (K ¢p, K¢ and K cq)

values depending on  if the error is within the P bana OF Not.

Figure 2. 13 Pyang based output algorithm selection
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Although theoretically the output from the PID controller could be amplified and fed directly

into the sample heater it is more common (and electrically simpler) for the output to be

converted proportionately into on and off states using Pulse Width Modula tion (PMW). PWM
is readily adaptable for use with solid state relays which are capable of switching the high

currents often required for heating applications.

In PWM an overall cycle time is selected and this is divided into on and off periods. If the

cycle time was 1000 ms then an output from the PID algorithm of 50% would be 500 ms

on and 500 ms off, likewise for an output of 60%, 600 ms is spent on and 400 ms off.

This is shown graphically in Figure 2. 14. Long cycle times can result in poorer control as
the temperature may fall durin g extended off times hence the reason for using shorter

times. Although shorter cycles put more strain on the electronic components shortening

the lifetime of the system so an appropriate balance must be found.

A

Digital State, On/OFF

Digital State. On/OFF

0 T T T { i 0] T T T i

0 200 400 /00 800 1000 0 200 400 600 200 1000

Time / ms Time f ms

Figure 2. 14 PWM control examples over a fixed 1000 ms loop. A) 50 % applied power over 1 cycle
of 1000 ms, B) 60 % applied power over 1 cycle of 1000 ms.

The Eurotherm has a useful feature that allows the controller to auto tune for a specified
temperature range. Tuning is used to achieve maximum control over temperature
changes. Awell -tuned system will respond to changes in temperature rapidly, with minimal
over or undershooting effects, whilst a poorly tuned system will struggle to ensure stable
control and will  often lead to temperature oscillations and steps in the output. PID values
were tuned in for each hot -stage constructed to ensure reproducibility in temperature

control.

The majority of the results presented in this thesis were produced using a version o f the

HDM incorporating a commercial temperature controller (818P, Eurotherm) which has its

own internal PID routines. However, the most recent forms of the instrument utilise micro -
FRQWUROOHUYV DV SDUW RI D PRYH WRZBUGN {DDESISHR®WMEHhBMR SHQ VR
required the development of code to implement PID (see S ection 2.7. 4.2) as the main

temperature control routine.
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2.3.3 HDM + Digital microscopy and image processing

One design aim for HDM was to hav e flexibility in the software, allow ing the use of different

digital microscopes  with the abilityto  switch between them relatively easily.

Individual microscopes were evaluated separately from the HDM but utilising the HDM

software (see S ection 2.5). Several digital microscopes were trialled butthe three principal
types used during this project were the Supereyes -B008, MAOZUA -MI001 andthe Teslong -
MS100 (see Table 2. 1).

Table 2. 1 Comparison table of the three main USB microscopes used & evaluated during this project.

Microscope Supereyes  B008 MAOZUA MI001 Teslong MS100
Image L ] - f
Length =126 mm Length =110 mm Length =147.0 mm
Dimensions
O/D 17 mm O/D 33 mm O/D = 8.0 mm
Magnification 1-500X 20-300X 10-200X
Lighting 8 Bright White LEDs. 8 Bright White LEDs. 8 Bright White LEDs.
Camera 5.0 Megapixel CMOS 5.0 Megapixel HD 1.0 Megapixel CMOS
Resolution sensor CMOS Sensor sensor
Focal
) 3-p'Y PP 0- 150 mm 10-500 mm
Distance

One important criteri  on in the selection of the digital microscope was the focal distance

which needed to be out of the DART stream. It was noted in the preliminary studies that

should the microscopes be introduced too close to the hot -stage the combine d additional
heat rising f rom the hot -stage and the ionisation potential of the DART would lead to an
increase in background peaks, mainly in the form of phthalate plasticisers from the plastic

body of the microscope itself.

An additional consideration was the possible effect of te mperature on the digital
micr oscope optical sensor as it is well -known that the performance of camera electronics

is invers ely proportional to temperature, 7 with higher temperatures inducing increased

58



levels of noise superimposed on the image. Although not currently implemented, future

developments of HDM may incorporate a cooled microscope to maximise image quality.

In addition to the actual camera there was also a requirement for the images to be

available for processing by the main HDM software (develope d using Visual Studio

(Microsoft, ed, 2013 + 2017). Although all the digital cameras came with basic software

SURYLGHG E\ WKH PDQXIDFWXUHUNR@WIBY R HGIUB Q& HRW SRVVLEOH WHF
with the HDM software. After an online search for possible solutions, a webcam library

called Touchless @ was identified as being the most appropriate for this project.

The Touchless software library is a community run project and has not been updated

recently. However, it has the advantages that:
(a) Itis desi gned specifically to work with Visual Studio

(b) It operates seamlessly with the majority of USB microscopes and provides a
PHDVXUH RI puSOXJ DQG SOD\Yf DOORZLQJ GLIIHUHQW FDPHUDV WR

(c) It has user selectable control of parameters suc h as image resolution and image

capture rate
(d) It is freeware.

There are, however, some problems with the Touchless library partly that is was being

developed by a small team but mainly from its primary aim of being used with webcams

and not microscopes . USB cameras come with an array of controllable parameters such as
hue, saturation, sharpness and auto -brightening. The latter parameter, while useful for a
we bcam, proved to be problematic as it cannot be disabled. In effect, a sample may

undergo a variet y of colour and brightness changes during an experiment which may

trigger the auto - brightness feature causing a sequence of images to appear non - uniform
with step changes in brightness. The effect has a particular impact on a feature
incorporated into the HDM software for real -time monitoring of the colour of a selected

part of the image (see below). Currently, these effects are manually removed after an
experiment but software routines to account for these step changes in brightness are being

developed.

In the longer term, an alternative camera library may need to be used or even developed

in-house.

In op eration, the HDM software (see S ection 2.5) collects between 1 to 3 images (800 x
600 pixels), via Touchless, over approximately 200 ms. These images can be averaged,
pixel by pixel, to reduce noise before being displayed on the screen together with

superimposed information (typically time, temperature and sample name). The final image
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is displa yed on screen and updated once per second. Images are saved to disk in jpeg

format at user -selectable intervals of time or temperature.

In a ddition to the images , real -time information relating to changes in the total colour of
VHOHFWHG UHFWDQJXODU UHJLRQV MPFRORXU PRQLWRULQJ ER[HVT RI
The average colour value for the box is taken by averaging the RGB (red, green and blue)

values for each pixel within the selected region as shown schematically in Figure 2. 15

Figure 2. 15 Graphical explanation of how RGB colour scores are achieved from user defined areas.

Firstly an image is taken (A), and from this the user defines an area of interest (B). The

camera captures 3 images within a few milliseconds of each other (C). The image s are
then broken down into their individual 8 - bit colour values, each RGB term is represented

by an integer between 0  -255. D represents the sampling region, E shows the expanded
individual colour components into the pixels (exaggerated) and F shows one pi xel §

individual RGB components.
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An average integer is inbuilt into the code to choose how many pixels to take an average

from (G) ; in this example the sampling integer is four. H shows how RGB colours vary

across the sample, RGB values of 165 are obtaine d for the grey background but for the
orange sample RGB scores of 255, 192 & 0 are obtain respectively. For best results and

sample representation the user boxes should overlay as much sample as possible, the

larger the boxthe  more representative the resu Itis of the true overall colour. In the 8 - bit
colour scale the closerth e three components are  to O the ¢ loser the sample in to black, is

contrast as the 3 values come closer to 255 the sample appears white.

Gamma (another pixel collected term) corrects f or non -linearity within the obtained
images and gives a depth property but is not an active property that is monitored during

HDM analysis, instead the primary RGB values are focused on.

The RGB values are proce ssed in a number of ways either using the in dividual colour
components red, green and blue, the summated score which is defined as TRGB or as the
difference in colour from the starting colour ( "RGB) viewed as a sample colour history
profile. They both produce subtly different plots, TRGB is good for broad colour changes
whilst "RGB is good at highlighting sharp events.

7KH PRVW UHFHQW YHUVLRQ RI WKH +'0 VRIWZDUH LQFRUSRUDWHYVY D IH
FRXQWLQJY ,3& ,3& VXPV WKH WRWDO QXPEHU RI SLIHOV WKDW DUH
lower threshold level for a particular colour. This allows a measure of, say, the change in

the number of green pixels in a selected region. IPC was used as a means of determining

changes in size of a polymer due to thermal expansion a nd contraction (see Chapte r 4,

Section 4.4 ).° The operation of IPC is shown schematically in Figure 2.16 . As the size of

the selected region of the image is known in terms of height and width of pixels IPC can

be expressed as a percentage.

Background
Pan Colour

Count all pixels with a red value > 200 Count all pixels with a red value > 200

IPC=13 IPC=20

Sample coverage =(13/26)*100= 50% Sample coverage = (20/26)*100=77%

Figure 2. 16 Schematic representation of IPC monitoring of a sample during expansion.
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A stable lighting source is crucial for any form of microscopy. During the initial
development of HDM, a variety of lighting sources were evaluated by comparing the noise
and stabii W\ RI WKH FDOFXODWHG ©5*% YDOXHV REWDLQHG ZKHQ D WKHUP

carbide) was heated (see Figure 2. 17).
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Figure 2. 17 HDM lighting comparison evaluated against thermally inert silicon carbide. A) No
additional lighting, B) Lamp, C) inbuilt LEDs & D) LEDs and Lamp.
Optimum lighting would give a desired profile that contained minimal spikes (large random
fluctuations), and retained a relatively stable background throughout the run.
Lighting based on 240 V filament bulbs w as found to produce the least consistent lighting
and the decision was made to use the simple white LED lighting inbuilt into most of the
digital microscopes (in combination with the overhead fluorescent lighting within the
laboratory). This combination provided minimal nois e spikes within the colour traces,

whilst keeping shadowing effects, caused by lighting position bias, to a minimum. Overall
SURILOH & VKRZV D YHU\ JUDGXDO GULIW EXW UHWDLQV PLQLPDO QRL

trace.
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2.3.4 HDM +Temperature measurement

As described in S ection 2.3.2 the control of the temperature of the hot -stage is facilitated

by the Eurotherm temperature programmer, under control of the HDM software.

The various hot -stages developed as part of the project will be discussed in detalil below
but in all cases they utilised a low mass type K thermocouple for temperature
measurement. This is then fed into the Eurotherm and then read by the HDM software.
The choice of type K thermocouples was based on from a combination of factors;
affordabi lity, compatibility with the Eurotherm (and later Arduino) and an excellent

temperature range (sub  -ambientto > 1000 °C).

Each of the stages w as calibrated for the desired working range for each block of
experiments and validation checks were performed at least every few weeks . Accurate
temperature measurement is a critical factor in any thermal analysis technique and thus

a standard method for temperature calibration was developed for all the hot -stages.

A common practice with thermal analytical techniques such as DTA and DSC is to calibrate

for temperature through the detection of the phase change(s) in well characterised

materials. 1° These include solid to liquid transitions in metals (e.g. indium , tinand lead) !
and organic materials (e.g. dip henylamine, m -dinitrobenzene and benzoic acid) 12 or solid
to solid phase changes (e.g. potassium nitrate, ammonium nitrate and caesium chloride). 3
For hot -stage microscopy, materials with transitions resulting in colour changes
(thermochromics) have been suggested (e.g. mercury (Il) iodide, vanadium dioxide and
ammonium metavanadate). 14 In all cases, the transition needs to be detectable and

repeatable.

Indium, tin, bismuth and lead were used throughout the project for temperature
calibration for all hot  -stages. The method used to calibrate HDM utilised a combination of
the micrographs and monitoring the colo ur change during the melt (see S ection 2.3.3).

Typically, a sample of the metal to be used for calibration was pressed using ridged pliers

bothto give aflatter sample that has smallindentations onit. These indentations produced
sharpened edges whose  disappearance as the metal melted was clearly visible optically.
In addition, the average RGB values for the pixels in two regions of the image were

recorded (see S ection 2.3.3). One region comprised the entire field of view while the

second was positioned directly over the indented meta [, both were recorded during
calibration.  Graphs of measured melting temperatures against literature values were

plotted and fitted with second order polynomial curves. Values from the polynomial curves

were stored within the HDM software and used to apply a real -time temperature correction
during the operation of the instrument, typical offsets between 1 and 10 °C were note d

between measured and literature melting points prior to correction.

63



The (RGB values proved an effective means of detecting the melting point with a step

being seen between the values before and after melting (see Figure 2. 18 for a sample of
indium). This change was not truly the result of a change in colour but rather a change in
reflectance of the metal with the indentations serving to create a fresh piece of exposed

metal which was lost as the sample melted. The final value for the melting point was tak en
by extrapolating the colour baseline before the melt and the colour step change itself ,

standardising on the onset of the melt for calibration values

Figure 2. 18 HDM temperature calibration example using indium on a graphite insert (to maximise
optical contrast)  analysed with  hot -stage 2. Images shown before and after the melt.

7KH pLQGHQWDWLRQY PHWKRG ZDV GHYHORSHG WR LQFUHDVH WKH VH(
as other metallic samples such as bismuth are subject to high levels of oxidation. The
oxides of bismuth are highly coloured and produce large variations in the RGB baseline,

so the edges of freshly revealed metal aids the detection of the melting point.

Currently the HDM software only supports two pixel monitoring boxes although this can
be readily expanded to several more. It is hoped that a later development would be to
have, say, four metals in the same pan, to use as a standard calibration pan with t he RGB

values of each metal being monitored independently during a temperature calibration.

In an ideal situation, simultaneous temperature and mass spectrometer calibration would

be achieved. This may be possible through the thermal degradation of PEG (po lyethylene
JO\FRO ZKLFK LV DOUHDG\ WKH pXQRIILWS cdrafiod.D ® GHe th@gpulr U '$57
mass of the polymer chains observed with the DART -MS increase with temperature over

the range 50 to 350 °C due to increasing thermal lability ,Soitmay be possible to use the

first appearance of certain mass fragments as diagnostic of a given temperature. Although

it is likely that an accurate temperature measurement would not be possible through this

approach it may be a useful rough gui de to validate th e hot -stage temperature
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2.3.5HDM +DART and MS

Although an integral component of the HDM system very little DART -MS optimisation was
required after the initial evaluation experiments to obtain sufficient MS spectra using the
DART source.

A standard DART -MS method, previously developed by Dr Lindsay Harding at Huddersfield

was used throughout the course of the study with minor changes made depending on the

sample being studied. Generally, initial wide mass scans we re performed when evaluating
unknown mate rial , with later focusing around the target mass region for the ion of interest.
Small molecule analysis was optimised using the mass spectrometer v LQEXLOW uvPDUW

SDUDPHWHUVY VHWWLQJV ZLWK WKH PDVV VSHFWURPHWHU IRFXVLQJ R!
Th. T his meth od was mainly employed in the reac tions and desorption chapters, C hapters

3 and 5 respectively.

In contrast, a large molecule DART -MS method was utilised mainly for polymer analysis.

This method was developed to focus the mass spectrometer to the m iddle -high end of
detection range of the spectrometer, typically above 1000 Da. This method provided most

useful for polymer studies in which broad spectrum analytes are noted with significant

variety of ions obse  rved during decomposition (see C hapter 4, p olymers).

Depending on the nature of the sample, the ionisation polarity chosen is important as

certain analytes may not be ionisable in certain polarities. The DART -100 source can be
set to operate in either positive or negative polarity mode, and takes s everal seconds
(approximately 10  -15) to switch. The mass spectrometer also operates in either positive

or negative polarity mode and it can operate almost simultaneously sampling both positive

and negative modes within the space of a few hundred millisecon ds. Unfortunately since
the DART -100 source was relatively slow at switch ing polarities (when compared to the
spectrometer) dual polarity mode was not able to be used and single polarity mode
experiments were performed when using the DART -100 source. This  dual polarity feature

was later exploited during the development of the p-DART (see Section 2.6).

The following DART and  MS parameters were used for the majority of experiments unless

otherwise stated in the individual experimental sections.

Flow rates of helium between 1.0 and 1.5 L min -1 controlled by a needle valve and
monitored using a flow sensor were used for the ionisation gas. The operating temperature

was fixed at 30 °C when used in conjunction with the hot -stage. The DART -100 used grid
and discharge voltages of +400 V and the need le voltage was set to = 3 kV (depending

on the polarity used). The mass spectrometer (Bruker, Esquire HCT ion trap) analyse d
over a range 100 -2800 Th . Accumulation times of 200 ms were set with a Smart Target

of 200,000. Capillary voltage was set to 4 kV w ith a source temperature of 300 °C.
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2.3.5.1 MS Inlet heater

A heater was constructed to fit around the length of ceramic that protrudes from the gist

adapter on the mass spectrometer

It was noted during the analysis of some samples that material condense d on the inlet
ceramic to the mass spectrometer. Such condensation is inevitable when large molecular

masses are released from samples on the hot -stage at higher temperatures, although the
immediate interior of the mass spectrometer is operating at tempera tures of 250-350 °C ,

the inlet ceramic itself is marginally above ambient temperature.

To address the issue of condensation which, if at a sufficient level, could increase the level

of background peaks observed in the mass spectra a simple experiment where the inlet
ceramic was covered in an insulating material was trialled. The additional insulation did

appear to delay or reduce the condensation problems presumably by increasing the

heating effect produced by the heated gases leaving the hot -stage and main taining the
inlet temp erature set by the spectrometer. The insulating material itself presumably

obtained some condensation also, hence the noted delay.

Based onthein itialinsulation experiments a heater was developed |, constructed in a similar
manner to the hot -stages themselves (Section 2.4) and comprised of a series of windings

of nichrome heating wire wrapped around an electrically insulating material, similar to the

interfaces used in other TA  -MS instrumentation ¢ (used to prevent condensation) with
adjustable power being supplied by a standalone microcontroller. This inlet heater reduced

the overal |signal intensity observed in the mass spectrometer which was attributed to the

face plate of the heater being exposed metal which may have provided a surf ace on which

ions could have been grounded before entering the mass spectrometer.

To overcome this, an inert ceramic based paint was applied to electrically insulate the
heater. Initial experiments showed that this modification was successful in maintainin g
signal intensity and that no additional background fragments were observed from the
paint. The heater was utilised continuously in the later stages of the project reducing
condensation build up from volatiles . Typically a temperature of 250 °C is used (the
maximum is around 400 °C) and has been shown to minimise condensation from most

samples. Figure 2. 19 shows a schematic of the inlet heater and a photograph of it installed.

+ve Thermocouple

Inlet I_clxqc.\qcao;al MS

) | JJJ))) )] | =
EFgdIdIFId

-ve

Figure 2. 19 Left) Inlet ceramic heater schematic & Right) photograph of the installed unit.

66



2.4 Hot -stage designs

The hot -stage design went through many development stages. Initially, these were
variations of types and geometry of heater and microscope and are described in this

section. However, more recent developments have considered other methods for heating

samples and passing vapour s into the DART stream and these are discus sed in S ection
2.7.

2.4.1 Hot -stage design 1
The first prototype HDM system is shown schematical ly and photographically within Figure
2.20. The design mainly was developed to use the Supe reyes BOO8 USB microscope  (see

Section 2.3.3) situated above the sampling region. The aluminium rig was designed to fit

directly onto the standard DART -100 MS coupling flange.

1 Microscope

=

Hot stage

Figure 2. 20 The first HDM prototype. A) HDM schematic a nd B) Photograph of the completed HDM.
The hot -stage was held in place using an aluminium framed rig that could be adjusted in

all three axial directions by using a series of nuts and M6 threaded rods. A linear rail was

added for the microscope to adjust t he focal length, and focusing was achieved using the

focusing wheel itself on the camera (see Figure 2. 21).

The hot -stage consisted of a ceramic body (Alumina tube, Almath, OD = 12 mm, | ) with

a DSC pan (Mettler, 27311) added into the top surface and hel d in by silicate adhesive.
The Type K thermocouple (Omega, Type K, 0.1 mm) was then threaded into a twin bore

ceramic rod (Almath, OD = 0.5 mm, | =15 mm) and fe d out through a hollow threaded
rod, later used to fix the hot -stage to the aluminium rig. Around the thermocouple ceramic

was a length of electrical resistance wire (nichrome, | =10 cm, 2.4 ») that was le d out of
the side of the ceramic stage. The interi or was filled with silicone carbide which is both an
excellent conductor of heat and provides sufficient electrical insulation between the

resistance wire windings (see Figure 2. 21).
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adjustment rails

Hot - stage

E N L K

I I‘ Rig clamps —_—> I

- o

Figure 2. 21 Hot-stage design 1 rig and cutaway. a) MS inlet, b) DART -100, ¢) Type K thermocouple,
d) resistive wire windings, €) DSC sampling plate, f) Silicone carbide infill and g) Ceramic body.

The strength of this design was the high level of reproduc ibility in positioning the sample
in the DART stream as the hot -stage was locked in place and the sample was contained

within the area of the shallow DSC pan (Metler, Aluminium 27311).

However, this design has a major drawback in that the hot -stage was so rigid that when

it need to be cleaned (due to excessive contamination) the whole rig required dismantling.

The aluminium DSC pan used for the hot -plate design had two major flaws that were
addressed in the next design. Firstly the pan was too shallow, mea ning that most

crystalline samples could easily be blown directly into the mass spectrometer inlet.

The second major design flaw was that the use of aluminium restricted the maximum

operating temperature to roughly 600 °C (aluminium melts at 660 °C). Alth ough many
H[SHULPHQWY W\SLFDOO\ QHYHU QHHGHG WR UHDFK WKLV WHPSHUDWX
a decontamination step used to destroy most organic based residues where temperatures

higher than 600 °C are sometimes desirable.
Sections covered using  this edition of the hot  -stage;

X Section 4.2,4.3.1 - 4.3.4

X Section 5.2
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2.4.2 Hot -stage design 2

To address some of the issues and limitations noted during the operation of the first hot -

stage a new design was developed.

The major constraint for development of HDM was the small working area in which the

hot - stage needed to fit. The typical height from the baseplate of the DART to the sampling

regionis ca.40 mm. Within this height the hot -stage and appropriate wiring need ed to be

installed, although it was achieved using the first stage more space was desired for design

WZR 6LQFH LW ZDV OHVV GHVLUDEOH WR GULOO D KROG VWUDLJKW WK

decided to modify the interface to orient ate the DART 90 ° fr om its original position.

Feasibility studies  (not shown) were performed by clamping the DART to the MS interface

and no notable signs  of performance loss were noted, therefore a new permanent steel
adapter was machined (by Dennis Town of the University of Huddersfield, School of
Computing and Engineering) as shown in Figure 2.22. Additionally the steel adapter had

holes drilled in the top secti on of the steel. These holes served as anchors for a motorised
rail for the various microscopes, with the intentio n of later software developments for

focusing control.

Figure 2. 22 Technical drawing of the desired adapter and photograph of the final machined part.
A larger working area had been generated using the DART in this orientation, allowing for

the hot -stage to be constructed in a completely linear fashion as shown in Figure 2. 23.

Hot-stage two was similar in construction to its predecessor having similar key

components. The main body is a ceramic crucible (Almath, TGA175, OD 12.5 mm, 20 mm)

hosting the thermocouple/heater assembly. The central assembly consists of the same

thermoco uple in a ceramic rod construction as before, but with the modification of a second

thin ceramic tube to enable more turns of heating wire. This design enables greater

uniformity of heating across the stage. The heating wire used was nichrome (I = 16 cm,

38 » DQG WKH VWDJH LWVHOI ZDV ILOOHG ZLWK VLOLFRQ FDUELGH SRZ
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$ EUDVV FROODU 8 EUDVV IHUUXOH 6ZDJHORN ZDV DGGHG LQ WKH V
heat further up the walls of the pan enabling further uniformity of sample heating. The

Inconel pans were then placed within the well of the brass as shown in Figure 2. 23.

Microscope

A

P 1 MS inlet
1

Hot -stage I -
> i 4

i et i
L i 5— J—
IG ‘\
H

Figure 2. 23 Hot-stage rig and stage design two. Left) Schematic of hot -stage two A) Removable
sample pan, B) Removable brass collar, C) Outer ceramic, D) Type K thermocouple in twin bore
ceramic, E) Secondary ceramic stage, F) Silicone carbide infill, G) Resistive he ating wire & H)
Thermocouple leads. Right) Photograph of the finished hot -stage two.
A much higher temperature range (approximately 750 °C) could be achieved u sing this
stage whilst still ret  aining excellent temperature control (0.1 °C). The removable brass

FROODU DQG VHOHFWDEOH SDQ DOORZHG IRU OHVVY pGRZQ WLPHY GXH V

of the stage should it become contaminated.

A wide range of microscopes w  as evaluated in this orientation, but typically the unit was
fixed with the Teslong m  icroscope to keep with the gmall form factor  fof the stage. The
reduction in bulk of the rig overall made it much easier to place and remove samples

without sacrifice of reproducibility of positioning.

Sections covered using this edition of the hot -stage ;

X Section3.2 - 3.10
X Section4.35 - 446

X Section 5.3
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2.5 Software

The HDM software was developed and extended from prototype software written in Visual
Basic 6.0 (Microsoft) by Dr Gareth Parkes at Huddersfield University for Windows XP. The

current so ftware utilises the more powerful Visual Studio (Microsoft) programming

platform designed for Windows 10.

This section describes the basic operation of the HDM software and shows a selection of

screen shots of some of the key interfacing windows.

2.5.1 Exp erimental header editor

'"HWDLOV UHODWLQJ WR WKH VDPSOH DQG H[SHULPHQWDO SDUDPHWHU

Figure 2. 24 shows the experimental header editor window. Each experimental header is

stored on a disk as a text file and can be loaded for exam

subsequent experiments.

ination or as a template for

HEM - Ediit Header

|
| Sample Polystyrens Fllename |Paly1
A : Samplemass 11 mg Atmosphere Static air
| Operator GPA Date  30-May-18 MS file 13579
! r-=
| Comment I E "
| Comment | |
L ) ;
Experiment Type Image Capture : I RGEB Pixel Monitoring
B : Manual control Ol Capture on time I : Meonitor RGE pixels in full image [° F
| Temperature program © | | Capture on temperature » 1 | Total RGB = change from start &
- | sample controlled O : | Monitor RGE pixels in box 1 =
1 | Box1RGE =ch from start
__________ Start capture time 20 min g | ox = Changs fom ¥ =
Acquisition Tri i i
c quisition Trips End captire ime 250 | min N | Monitor RGE pixels in box 2 Ii
Temperature | 400.0 | °C || | Box2RGE =change from start [
Capture time interval 0.5 min g |
Tirre 300 | min =
Start capture temp. 500 | *c | Temperature Calibration !
] I
. : Separate sample T? [ || End capture temp. 2600/ °C Temperature calibration active? 1 | G
| RLIenabled? || Capture temp. interval | 10.0 | °C | Calibration Values 1
l (I
D | Start on MS activated? [ | i
' -—— Experiment Control
! i | Microscope Edit Flags
: 0 | Magnification 20x
| l : Brightness 2 on dial Edit IPC
J Load Headar Temp. Program Additional Parameaters EXIT SAVE and EXIT

Figure 2. 24 HDM screenshot - experimental setup window. A) Sample information, B) Experiment
type, C) Acquisition trips, D) Settings under development, E) Image capture, F) RGB Pixel
monitoring, G) Tem  perature Calibration, H) Experiment control, ) Microscope, J) Control buttons
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2.5.1.1 Sample information (A)

This section is used to store infor mation about the sample such as what the sample is, the
guantity and any addition al information is added in the comments box. A file name is
chosen here, the data collected from the experiment and micrographs will then be stored

under this file name.
2.5.1.2 Experiment type (B)

Two experime ntal types can be currently run: manual control  and linear heating. The
manual control experiments allow the user to input a fixed set point at any moment during

the operation of HDM, power is adjusted accordingly to reach the setpoint. Temperature

program experiments follow a series of pre -set heating or cooling rates (Figure 2.  25) to
predefined setpoints and may dwell there for a fixed amount of time. The third
H[SHULPHQWDO RSWLRQ pVPEBOB® ER Q@AVRRDHHESLIXAWEKHU LQ 6

2.5.1.3 Acquisition trips (C)

As a safety precaution all instrumentation has trip values include d to prevent damage to
the instrument, these are shown as an upper temperature limit and upper time limit. If

either of these values are reached during an experiment, the instrument returns the

setpoint below room te  mperature (10 °C), ceases applying power to the hot -stage and

stops the data acquisition.
2.5.1.4 Developments (D)

This section is used for the coding sections under development. A development for having
a separate sample thermocouple ( as opposed to using a furnace alone thermocouple) is
shown. The possibility of having RLI (reflected light intensity) measurements was included
but so far has not been significantly developed. Finally, a development to start the MS
directly through the HDM controller software was included (better experiment

synchronisation).
2.5.1.5 Image capture (E)

The software is instructed to save an image depending on either time or temperature
although the microscope image is continuously updated throughout the experiment,

images files (.jpeg) are only saved at these predefined intervals.
2.5.1.6 RGB pixel monitoring (F)

This section allows the user to turn on and off the recording of Red, Green, Blue, RGB
and (RGB values for the whole image or the two pixel monitoring boxes. The pixel

monitoring b  oxes setup is shown later (see S ection 2.5.3)
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2.5.1.7 Temperature calibration (G)

This window allows the calculated second order polynomial tempe rature calibration values
(see S ection 2.3.4) to be added. The calibration factor can be toggled on or off, to allow

the raw data to be saved.
2.5.1.8 Experiment control (H)

7KLY VHFWLRQ DOORZV WKH RSHUDWRU WR VHW pl@béthifg@keh FK WHOO W
a certain criterion is PHW V X F tak®none images if  the colour becomes more red 1 The

second set of parameters to be set relate s to the IPC (In -range pixel counting) function.

Values can be stored to count the number of pixels within, below or a bove a selected

threshold (see S ection 2.3.3)

2.5.1.9 Microscope parameters (1)

This section is used to store values obtained from the microscope itself. These are
manually input by reading off the values from the digital microscopes themselves, this is
again stored to the header file and is useful for comparative studies, ensuring the same

level of brightness and magnification is used.
2.5.1.10 Control buttons (J)

The final section shows a series of control buttons that allow the operator to load existing
headers (from previous experiments), save the current header and modify the

temperature progr amme.

2.5.2 Temperature programme editor

Shown in Figure 2. 25 is a screenshot of the temperature programme editor window. This

version is currently used to modify the existing Eurotherm temperature programme.

The Eurotherm has a maximum of 8 temperature ramps that can be used to either
controllably heat or cool the sample between 30 and 750 °C (based on hot -stage 2). Very
slow heating and cooling rates less than 1 °C min -1 may be used (tested down to 0.1 °C
using the HDM), contrastingly relatively quick h eating rates may be used ofupto 50 °C
min -1, faster heating rates can be achieved but this has been limited to 50 °C min 1to

prevent damage to the hot -stage through thermal shock.

Typically, very few experiments need more than 8 temperature ramps so the use of the

Eurotherm has been more than sufficient for the development of the HDM.

A similar window used to control the Arduino microcontroller temperature pr ogrammer is

introduced shortly in S ection 2.7.
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Eurctherm Temperature Programme

Eurotherm Temperature Program

| [Ramp1 [ 50 | °Cimin | Level1 [7000] °C | Hold1| 0.0 | min
| [Ramp2 [STEP | “Cimin | Level2 [ 30.0 | °C | Hold2 | END | min
Ramp 3 |STEP | °Clmin | Level3 | 30.0 | °C | Hold3 | END | min
Ramp 4 |STEP | °Cimin | Level4 | 30.0 | °C | Hold4 | END | min
Ramp 5 |STEP | “Cimin | Level 5 | 30.0 | °C | Hold5 | END | min
Ramp 6 |STEP | °C/min | Level6 | 30.0 | °C | Hold6 | END | min
Ramp 7 |STEP | °Cimin | Level7 | 30.0 | °C | Hold7 | END | min
Ramp8 | STEP | °C/min | Level8 | 250 | °C | Hold8 | END | min
Update Gnd Update Eurotherm EXIT

Figure 2. 25 HDM screenshot

+temperature program window.

2.5.3 Pixel monitoring window

The pixel monitoring functionality is set up in another window shown as a screenshot in

Figure 2. 26. In this mode the pixel monitoring boxes (shown as the green and purple

squares) are adjusted and moved to the desired location of the image in which

representative colour values are taken.

HSM - Pixel Value Monitoring

@® Whole image
O SelectBox 1
O SelectBox 2

> GetImage <

Width  Height
+ - + -
800 600
Whole image
Red 1171
Blue 96.0
Green 1027
Total 315.9

X 779 Y 387

EXIT

Figure 2. 26 HDM screenshot

+ Pixel monitoring window.
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The pixel monitoring boxes are selected by toggling the radio buttons in the upp

er right

hand side of the window. The pixel monitoring boxes are then dragged into place (X and

Y coordinates are also shown) over a region of interest and the size is adjusted accordingly

using the height and width buttons. The individual red, green, blue

are shown in a table to the right hand side of the screen, these values

set the IPC parameters prior to analysis.

2.5.4 Acquisition window

Figure 2.27 shows a screenshot of the display when a typical experiment

and total (

RGB) values

are mainly used to

is running. Key

information is displayed to the right hand side of the main image relating to the colour of
WKH LPDJH DQG FRUUHVSRQGLQJ ER[HV 7KH YDOXHV IRU WKH FXUUHQ\

and RGB for the whole image and the two pixel monitoring bo

xes are displayed. The IPC

value is then expressed as a percentage based on the previously input IPC thresholds.

Images ar e overlaid with key

information

(sample name, time and temperature

experiment header. A setpoint temperature control input

H[SHULPHQW FDQ

inducing anisotherm

EH VHHQ

used in a manual control

A burst image mode (used to take and store images, typically at intervals less than 1

second) was developed to capture events that occur

between

the predefined values set in

the experimental setup, to ensure maximum flexibility of the image capturing control. This

feature provides very useful for fast transitions such as the melting of pure compounds.

HSM - Acquisition

Polystyrene
Poly1
Runtime 0.00 mins

Sample 0.0 °C Furnace 750 °C

Manual Temperature

) setinthe

screen.

Setpoint =c

Change SP

Red

Green

Blue

Total

IPC%

Image 145.3

1298

1216

396.6

35.94

Box1 164.3

158.6

154.7

477.7

29.60

Box2 211.9 2001

186.5

598.5

80.68

RLI g mV dRLI vy mVImin|

Burstimage Interval millisec

Reset Camera

Save Image

I

START

|

Figure 2. 27 HDM screenshot

+ Experiment acquisition window.
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2.5.5 Data extract

A separate programme called DataExtract was developed in-house to decrease the time
needed to process mass spectral data collected during an experiment. This was
necessitated by the limite  d data manipulation capabilities of the inbuilt mass spectrometer
data analysis software. In particular, it was desirable to be able to extract individual ions
RU UDQJH RI LRQV IURP HDFK PDVV VFDQ WR DOORZ pWKHUPRJUDSK\
chemical species to be obtained as a function of time or temperature . As a one hour
experiment could create several hundred megabytes of data corresponding to over 50
million data points an automated method was essential. The main program window is

shown in Figure 2.28.

,

File For Data Extraction
Mo File Path

Mo File Path Save

MNew save Flle

Search Masses

EIC TIC Range Test Data
Compound Name [7] Enable Range TIC Extract No. of Lines
Upper Limit Upper Limit
Lower limit Lower limit
Run Test

Figure 2. 28 Data Extract version 6.0, used for chromatogram extraction of raw MS data.

In essence, a data file corresponding to all the mass scans in an experiment is selected
and the mass range of ions of interest chosen. The data file is read line by line (where
each line represents a string of numbers representing the magnitude of each ion detected
in one scan) and any ions within the selected range recorded. The program then produces

a separate output data file in .csv format ready for proces sing further using Excel.

In Excel, the data file from the Data Extract and the corresponding HDM data file are
combined using the VLOOKUP function so that they share the same time base. Once this
has been done mass spectral data can then be plotted as a function of either time or

temperature.
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2.6 Development of an alternative ion source (1-DART)

One of the major constraints of the HDM system was the overall size of the DART -100
source which as can be seen from Figure 2. 23 dwarf s the hot -stage. The most r ecent
commercial versions of the DART have seen a significant reduction in size although the
instrumental rig that accompanies the DART is still relatively large. 17 One factor that
determines the overall size of the DART source is that it has to incorporat e heating
elements used to raise the temperature of the ionisation gas +a feature not required with

the use of a hot -stage. In addition, the DART source has additional circuitry used for ion

filtering, which is used to change the ionisation polarity. This is useful when coupled to
some mass spectrometers but the Bruker Esquire HCT ion trap mass spectrometer used

in this project can be operated in positive, negative or in simultaneous modes, allowing

for selective charge monitoring even if the source of ion s is not filtered.

As part of the longer  -term aim of simplification of the HDM system, the idea of producing

a smaller, simpler DART source was investigated. Using a range of source materials

including the original patent documents, 8 SKRWRJUDSKV RowA pr@datype *° and
other literature 22! DQ LRQ VRXUFHuW$BFMHADM GHYHORSHG

pU-DART is possibly the simplest form of DART as it does not contain an ion filter or a

heater. The u-DART (see Figure 2. 29) comprises a PTFE T-piece (Swagelok) used as the
main body (A) that houses the electrodes used for plasma generation (E). High voltage
wires are fed t hrough a blanking plate on one end of the T - piece which are connected to
the electrodes. The electrode assembly consists of an outer steel electrode ho using a
ceramic guide (that is non -electrically conductive) and protruding from the ceramic guide

is the counter electrode, the distance of which can be adjusted. The ionisation gas is
SDVVHG WKURXJK WKH uERltwjeetibnRTheNikaHjuidction of the T -piece is
used as the outlet, the outlet itself i s a glass tube thattap  ers down to an outlet size of 1

mm in diameter.

“ Microscope

MS inlet

Hot - stage

Figure 2. 29 p-DART development. Left) p-DART schematic A) Swagelok PTFE T -piece, B) Glass ion
guide, C) Gas inlet, D) HV connections, E) Plasma region & Right) Photograph u-DART in operation.
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The u-DART operates using high DC voltage and low currents which leads to the formation
of the classi ¢ corona -to-glow discharge in the carrier gas. The metastable ions are
generated within the low temperature plasma which are focused by the glass ion guide
towards the sample on the hot -stage. The plasma itself is highly localised and does not

extend into the sampling region.

To ensure the W-DART could not be classified as another ambient ionisation technique
(many of which share a lot of similarities) comparisons were made with DART, FAPA
(flowing atmospheric pressure afterglow) and LTP (low temperature pr obe) based on

information from the literature (see Table 2. 2).

In appearance p-DART looks very similar  to some versions of the LTP, however the LTP

uses higher AC voltages and relies on direct sample contact with the plasma, unlike the M-
DART whichis a non-contact plasma. The FAPA source operates at low voltages and higher

currents that the  p-DART, with a higher temperature plasma extending into the sampling
U-DART, LTP and FAPA contain

u-DART is more DART like than FAPA like. %

region. However, no ion filtering unlike the DART source.

Table 2. 2 u-DART comparison against similar plasma based techniques.
DART FAPA LTP u-DART
Voltage Type DC DC AC DC
Voltage of 0-5 KV Ve 400 -500V |  11-18 KV Fixed at 9
plasma KV
current of 160 -270 pA 500 pA
plasma 2-5mA 25 mA (calc. from (calc. from
3W) Pn =5W )
Type of Corona -to- Glow -10 - Arc D;Jea:?r?gr'c Coronq -to-
plasma glow discharge glow like
Electrode Pin cathode to Various, pin - Dielectric Pin- Pin
types grounded disk plate, halo barrier
Bias electrode
Filtering to select No filtering No filtering No filtering
polarity
30-35°C
Exit Gas Up to 500 °C o o o
Temperature WitFI?\ additional 235°C Ca.30°C 30-40°C
heating.
Semi -non -
contact.
The plasma Plasma
Contact Type Non -contact plume extends Non -contact
. Contact
into the
sampling
region
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To fully characterise the plasma a number of techniques can be used including optical
emission spectroscopy which monitors the energetic states generated by the plasma
itself. 22 Alternatively, the formation of charged water clusters produced by DART (but not

FAPA) can be detected by low range mass spectrometric analysis. 2

Another documented method used to evaluate the plasma types is through the comparison
R1 pVXUYLY D O hich lisQhe Vafiio f the molecular ion / most abundant ion and its
fragments. 2° Generally, the harsher the experimental conditions the more analyte

fragmentation is observed, resulting in a lower survival yield.

Since DART is typically classified as a soft ionisation technique, the molecular ion or
molecular adducts will be in higher abundance than that of the fragments leading to higher

survival yields.

A series of experiments w  as undertaken to directly compare the performance of the DART -
100 and the p-DART using the desorption of tetryl (2,4,6 -trinitrophenylmethylamine, see
Chapter 5.0). The most abundant ion for tetryl was the nitrated molecular adduct [M+NO 3]
at 349 Da with the main fragment ion [M -NQ] - found at 257 Da. The second compound
evaluated was methyl salicylate, observed as the protonated ion [M+H] * 153 Daand a

single demethoxylated fragment [M -OCHzs]* 121 Da.

Figure 2. 30 shows the average mass spectra for tetryl using the DART -100 and the p-
DART source. The fragmentation patterns for both sources are broadly similar. The

intensity of the signals when using the KU-DART appears to be greater but the background

level is also higher. Figure 2. 31 shows the average mass spectra for methyl salicylat e
using the DART -100 andthe u-DART source, again the mass spectra look very similar, the
1-DART source does show one extra peak at 129 Da, but this was apparent in the

background before sample analysis.

Based on the ratio of the ions at 349 Da and 257 Da the survival yield for the DART -100
was 59% while that of the H1-DART was 67% when analysing tetryl. Survival yields of 91
and 93 % were  achieved for the DART -100 and p -DART respectively when the ratio was

based on the ions 153 Da and 121 Da using methyl sa licylate . Shelley etal. have reported
that the harsher FAPA source generally leads to more analyte frag mentationtha n the DART
source resulting in lower survival yields. 20 Encouragingly, the values obtained for the M-

DART are significantly higher than tho se reported for the FAPA source.

The combination of operating conditions, sample interaction methods and survival yields
clearly shows that not only can U-DART be viewed as having the same form of ionisation

as DART but that it operates sufficiently well t 0 act as a replacement.
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Figure 2. 30 Top Left) DART -100 analysis of tetryl & Bottom Left ) u-DART analysis of tetryl.

Figure 2. 31 Top Right ) DART -100 analysis of methyl salicylate & Bottom Right) p-DART analysis of
methyl salicylate.

The p -DART was used within the following sections

X Section 2.7.4.4

X Section 3.4&3.9

X Section4.35 - 446
X Section5.3.3 - 535
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2.7 Curren tand Future developments

As with any instrumental development project the process is dynamic and ever evolving

to suit the requirements of analysis. The project as a whole was focused on the evaluation
of the combination of HSM with DART -MS. However, it soon became apparent that a wide
variety of techniques involving controlled heating of the sample and DART -MS of either
sample itself and/or evolved material w as possible. Some of these techniques would be
modifications or adaptations of the basic HDM desi gn while others would move away from

the microscopy aspects of the current project. This section describes some of these designs

which are in various stages of development and also describes planned developments to

the software. A longer term aim beyond th e current HDM is to hav e a more modular

approach to the instrumentation with more standardised components.
2.7.1 DTA hot -stages

A logical development of the current hot -stage is to incorporate some form of differential
thermal analysis (DTA). This would a dd information about enthalpic changes in a sample

to the chemical and optical information HDM already provides.

There are two approaches possible. One is to have separate thermocouples for both the

hot - stage and the sample and then process the difference in software  +an approach some

thermal analysis instrument manufacturers adopt. The other is to have separate sample

and reference thermocouples and amplify the differential VLIQDO ZKLFK JLYHV D pWUXHY

as described in Chapter 1.

A schematic of the p rototype DTA stage is given in Figure 2.  32. It features three
thermocouples, one connected to the main body of the stage for heating control, whilst

the other two thermocouples are used to measure sample and reference temperatures.

The main body of the DTA st  age is constructed from metal, in the first iteration of the
prototype (see Figure 2.  33) aluminium was used for ease of machining, again this does

limit the upper temperature range to around 600 °C. The metal body has excellent thermal
conduction propertie s and ensures fast heat flow through to the sample from the external

heater windings. The heaters windings (nichrome) are separated by a thin layer of mica,

an electrically insulating material. The heater will be driven in the same way as the hot -
stages de scribed in S ection 2.4. The outer layer is coated with thermally and electrically
insulating paint to prevent damage to the instrument, protect the operator from live wires

and also force the heat inwards towards the sample pans. The sample wells drilled o ut are

flat, to ensure good thermal contact with standard TA pans up to 6 mm in diameter.

The key to any differential temperature analysis is balance, both in terms of instrumental
mechanical symmetry between the sample and reference and a temperature balance to

compensate for any drift within the differential signal. High quality amplification of the DT
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signal is also necessary to ensure sensitivity as typically the difference is in the order of a

few microvolts.

Top Profile

Microscope

MS Inlet

E Mid Profile
F G

Side Profile

Figure 2. 32 Schematic profiles of the constructed DTA stage. A) Sample thermocouple, B) Stage
control thermocouple, C) Reference thermocouple, D) DTA stage, E) Insulating cap with viewing
points, F) Sample well and G) Reference well. (Not to scale)

Figure 2. 33 Photograph of the prototype DTA stage.

Initial tests with a prototype show that although the temperatures are being read

accurately an improved preamplification circuit for the DT signal is required.

The location of the DTA stage in the DART -MS ionisation stream will also be a crucial factor.
Locating the stream immediately above the sample pan (green arrow, Figure 2.32) woul d
lead to the most sensitivity in terms of mass spectrometry, but is likely to lead to a

temperature imbalance on the sample side of the DTA stage itself.

Alternatively, the DTA stage could be positioned with the DART stream passing down the

central axis (blue arrow, Figure 2.32) . This would ensure maximum temperature balance

DV WKH '$571V FRROLQJ HIIHFW LV HTXDO RQ ERWK VLGH¥aRRer WKH VWDJ
in this chapter (see S  ection 2.2.2) the DART outlet stream is typically quite narrow, and a

significant reduction in sensitivity in terms of mass spectrometry is likely.

Nonetheless, the use of a DTA stage would be a clear step forward for the instrument as

a whole and enhance the aspects of HDM.
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2.7.2 Desorption stage

Although desorption experim ents have been done using the current HDM (see Chapter 5)

there would be benefits in having a system capable of controlled desorption of samples

FROOHFWHG IURP D YDULHW\ RI pVZDEELQJY PDWHULDOV +HUH WKH P
be redundant as samples are typically at trace levels from which no useful optical

information can be gained.

The pro posed desorption stage is shown schematically in Figure 2. 34 and the first

prototype photographically in Figure 2. 35. The design is primarily for use with cotton

tipped swabs although other adsorbent matrices could be used. The stage would use a

HMWZLQ PRERRXSOHY DSSURDFK ZLWK RQH WKHUPRFRXSOH XVHG DV WKH \
main body of the desorption stage and a separate thermocouple to monitor the sample

temperature.

The prototype design consists of the main body being constructed out of aluminiu m
(around 35 mm long), with resistive heating wires wrapped around the main body (around
15 mm in diameter). An inner glass sleeve would contain the swab resting on a sintered

frit with an embedded thermocouple.

The carrier gas (matching the ionisation ga s) would be passed over the sample to aid with

the transport of analytes into the ionisation stream of the DART. At the base of the

desorption stage connected to the protruding glass sleeve would be a PTFE T -piece used

to connect two gas flows, the actual carrier gas and the optional inlet for a source of

MLGRSDQWYT 'RSDQWYV DUH LQWURGXFHG WR LQ BéeiCbhapter 5/ & otioW LY LW\ R |

5.3.5 ) which is particularly useful for trace analysis.
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- ™

Carrier gas /
I H I dopant

Figure 2. 34 Schematic representation of the flow thr ough stage and operation. A) Aluminium body,
B) Resistive heating wire, C) Quartz glass insert, D) Porous platform, E) Sample thermocouple, F)
Hot - stage thermocouple, G) PTFE T  -piece, H) Carrier gas inlet and |) Dopant inlet. (Not to scale)

Insulated Hot-
stage

Glass flow
through tube

SRE s Thermocouple

Figure 2. 35 Photograph s of the prototype desorption stage , Left) the bare stage and Right) the
completed prototype .
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2.7.3 Induction heating thermal desorption DART -MS

Another approach to desorption studies being planned by the group involves a combination

of commercial thermal desorption tubes and induction heating.

TD-GC-MS (Thermal desorption gas chromatography mass spectrometry) is an existing
commercialised technique that separates analytes chromatographically where vapours
from the area of interest are pulled by vacuum onto a sorbent material contained within a

metal tube. If required, these desorption tubes can be sealed for longer term storage so

that sampling can be done away from the analytical laboratory. During analysis the tubes

are heated rapidly while a carrier gas passes through them to transport the vapours onto

a GC column to be separated and then analysed by a mass spectrometer.

TD-GC-MS has shown to be a powerful technique in the investigation of a wide range of
analytes including accelerants associated with arson, 24 foods 25 and energetic materials

analysis. 26

Combining the flexibility of the thermal desorption tube approach with ambient ionisation
techniques such as DART offers many benefits especially if the ¢ omplexities of the standard
thermal desorption unit and gas chromatography could be removed. In an earlier project

at the University of Huddersfield, the use of induction heating has been investigated as

the basis of a novel thermal analysis technique. Ind uction heating occurs through the use
of high frequency oscillating magnetic fields to drive currents through a material to
generate heat. The metal TD tubes are very amenable to induction heating and as it is a

direct form of heating, no furnace is requir ed. In addition, induction heating circuitry is
relatively cheap and simple. We have demonstrated that induction heating can support

rapid but controlled temperature rates of up to several hundred degrees a minute.

A schematic representation of the IHTD -DART-MS system is shown in Figure 2. 36. The

technique comprises  an oscillator circuit (A) attached to the working coil (B) that provides
the oscillating magnetic field and in turn the induced currents in the TD tube (or work
piece). The TD tube is placed axi ally within the copper coil so that the tube sits within the
highest magnetic flux region ensuring even heating throughout the body of the TD tube.
Temperature is measured using a thermocouple situated between the coil and the TD tube,

the thermocouple mus t touch the body of the TD tube for accurate temperature
measurement. A gradual flow of carrier gas applied to the base of the TD tube provides a
positive flow transporting desorbed vapours into the ionising DART stream. The heating is
controlled using a t emperature programmer and is switched using PWM circuitry

demonstrated earlie rin S ection 2.3.2.
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Figure 2. 36 Schematic representation of the proposed Induction heating thermal desorption direct
analysis in real -time mass spectrometry system. A) Induction heater driver, B) Induction working
coil, C) TD tube, D) sorbent material, E) TD tube holder, F) Carrier gas and G) TD tube thermocouple.
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2.7.4 Software developments

In addition to the hardware, there are also developments to the HDM software in  progress.
This falls into two main categories. Firstly, there are modifications to the existing HDM
software to provide more capabilities and, secondly, there is a move towards micro -

controllers to remove the reliance on commercial temperature programmers.

2.7.4.1 SCTA applied to HDM

Sample Controlled Thermal Analysis (SCTA) is a family of techniques that use feedback
algorithms that alter the heating rate of the sample depending on some measured
response of some property of the sample. SCTA aims to increase thermal resolution of
overlapping events by heating slowly through events and more rapidly between them.
SCTA can help resolve processes which may be missed when performing stand ard
isothermal or linear heating rate experiments. In addition, the near isothermal conditions

that can be achieved under SCTA conditions can be useful. Commonly, SCTA has been

applied to DSC 27 and TGA 28 using heat flow or mass loss respectively as the sou rce of

control.

Two of the signals monitored by HDM, colour and ion intensity, are potentially amenable

to SCTA. Although reflected light intensity (RLI) used in hot -stage microscopy has
combined with SCTA, 2° colour itself has not been used although it has been shown to relate
directly to the extent of reaction for some processes. 30 SCTA can be used to control the
temperature as a fu  nction of rate of colour change, t his approach would be interesting to

apply to some of the highly pigmented reactions discuss ed in Chapter 3.

The benefits of combining mass spectrometry with SCTA have been realised by other
workers. 31-32 Virtually every system studied using HDM produces a MS profile so, in many

cases, a specific ion intensity that uniquely corresponds to a mate rial can be extracted.
Controlling temperature following a specific ion allows processes to be investigated in
terms of reactants, products and possibly even intermediates. This method could help in

the study of complex processes such as the thermal degrad ation of polymers. A similar
approach was used by Sanchez  -Jiménez etal. who found that using SCTA with TGA in the
study of the thermal degradation of PVC (polyvinyl chloride) gave a clearer separation of

the mass losses arising from the plasticiser and th e polymer itself. 33
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2.7.4.2 Incorporation of Arduino microcontrollers

Microcontrollers miniaturised computers on a single integrated circuit board. They are
cheap, relatively powerful and an increasing variety of supporting circuitry is available that

make them ideal for interfacing to scientific instruments.

One of the most popular microcontroller manufacturers is Arduino. They produce a wide

range of boards offering different capabilities and have their own IDE (integrated

development environment) ba VHG RQ WKH SURJUDPPLQJ ODQJXDJH p&Y $V DQ p
environment with a large user base there is a lot of software freely available for use.

Several key electronic manufacturers have realised the potential of this platform and offer

high grade peripher als to allow voltages and thermocouples to be monitored, control

motors, etc. These attachments invariably come with full software support. In addition,

Arduino microcontrollers are easy to interface to Windows PCs using a standard USB

connection.

The init ial interest in Arduino microcontrollers was driven by the desire to replace the
Eurotherm 818P temperature programmers used in the HDM. Although the Eurotherm
818P is a high quality controller it is now obsolete and can only monitor a single
thermocouple. There are newer models but they often cost many hundreds of pounds. In
principle, an Arduino could form the basis of a temperature programmer and also allow for

other peripherals to be added for monitoring other sensor inputs. This would provide

flexibil ity allowing adaptations to the basic HDM with minimum need for additional

components or software changes.

The current prototype is shown in Figure 2. 37. The hardware consists of the Arduino board
(Nano, Uno or Mega), a 16 bit analogue to digital convert er (ADC) breakout board
(Adafruit, ADS1115) and high resolution universal thermocouple reader breakout boards

(Adafruit, MAX31856). One of the digital outputs on the microcontroller board is dedicated

for use for on/off PWM control of a solid state relay. Code was written in both the Arduino
IDE (C, V1.5 -1.8) and Visual Studio (VB.net, 2013 -2017) to develop a controller that can
support the hardware developed shown in Figure 2. 37.

The resolution of the thermocouple reader boards is (at least theoretically) 0.0078 °C
which is of sufficient quality for most thermal analysis work. The accuracy of temperature
is typically dictated by the thermocouple itself and will have an error of abo ut £2 °C,

although this is readily calibrated using the methods described earlier (see S ection 2.3.4).

Software developed with the Arduino IDE and embedded on the controller board uses the
MAX31856 library 34 to read the thermocouples at 200 ms intervals an d then averages 5
measurements to reduce noise and produces a value expressed to a resolution of 0.01 °C.

One of the two thermocouples is used as an input to a PID routine adapted from an open
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source PID library to allow temperature control of a hot -stage using pulsed width

modulation period of 1 se cond. The 4 channel 16 bit ADC with inbuilt amplifier circuit

monitors voltages with a maximum resolution of ca. 80 uV per bit, and is run through the
ADS controller library. 3% Although these inputs could be used to connect to many signal
sources, its initial intended use is for measuring RLI (ref lected light intensity) a signal from

an optical detector mounted in to the eyepiece of a microscope.

Figure 2. 37 Schematic representation of the hardware used in the microcontroller temperature
controller. A) Arduino board, B) MAX31856 thermocouple reader Temp 1, C) MAX31856
thermocouple reader Temp 2 and D) ADS1115 16 -bit ADC.

Figure 2. 38 shows a screenshot of a  form used to interface with the Arduino board. The
window is designed to be embedded into the existing HDM software and is has been

developed as a replacement for the Eurotherm controller.

The form acts as a bridge between the main HDM software and the Ardui no and allows

values and control parameters to be sent from to and from the microcontroller. The form

comprises key sections, connection, output, input and functions. The connection function

allows the form to be connected to any available Arduino devices. The output section,

FRQWDLQY DOO WKH YDOXHV PRXWSXWY IURP WKH $UGXLQR WKHVH DL
values such as temperature or ADC readings, but also include stored parameters such as

the temperature VHWSRLQW 7KH LQSXW VHR¥baR @ tha Apdaikdycudiferiti VW U

this is used to update either a setpoint or a percentage power. Finally, functions are extra

routines that the form recognises to either save the data or reset the Arduino board.

89



Arduine Form

Arduino Output

Setpoint  00.00 I Mass 0

v| Tfur 00.00 i Blank 00.00
Tsamp 00.00 0 i Blank2 00.00
Tref 00.00 4] i Blank3 00.00

Select a Arduino COM port

Timer: OFF

Time : 0.00 Min's

Arduino Input Arduino Functions

(®) Setpoint Control () Power Control
Reset the arduino Reset

Send a setpoint value

|:| /C Send Save active data Save Data

Figure 2. 38 A screenshot of the standalon e form used to interface to the Arduino microcontroller.

An example of a test linear heating experiment (10 °C min 1) is shown in Figure 2. 39. The
Arduino PID routine controls the output (expressed as percent power, blue trace) to make

the furnace thermoc ouple (PV, process variable, orange trace) follow the setpoint (SP,

green trace) as closely as possible. So far excellent control has been achieved using this

approach with a maximum error (SP -PV) of around 0.1 °C. A secondary sample

thermocouple (red trac  e) is recorded simultaneously.
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Figure 2. 39 A selected example of PID control using the Arduino microcontroller system. Green)
setpoint, Orange) furnace thermocouple, Red) sample thermocouple and Blue) PWM power output.
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2.7.4.3 Automated positioning of t he hot -stage

The HDM stage may need to be moved away from its position in the DART stream for a
variety of reasons, when the stage becomes significantly contaminated, when the mass
spectrometer needs servic  ing or generally when prototype stages need short evaluations.
This requires frequent manual positioning of the stage which can be time -consuming and

fiddly, and ensuring accurate repositioning is paramount.

To address this problem a two axis motorised stage mover has been developed using a

selection o f aluminium rail and custom made 3D printed parts as shown in Figure 2. 40.

Top View

Side View

il

b

Figure 2. 40 Schematic (Left) and photograph (Right) of the motorised stage mover.

Face View

The stage mover comprises of a mount that holds the hot -stage in position and two rails

which are each driven by a stepper motor (28 BY J -48) under control of an Arduino and

corresponding stepper driver boards (ULN2003). The stepper motors allow repeatable

positioning of the hot -stage (measured to within 200 um ). A separate interface window,

similar i n concept to that described in S ection 2.7.4.2, is being developed in-house to

embedin the main HDM software to allow simple commands such as move a fixed dis tance,

HLORDGY DQG pUXQY 7KHVH FRPPDQGY DOORZ DFFXUDWH SRVLWLRQLQJ

from a loading sample position to a run position situated within the ionising stream. A

further development is to add a Z -axis so that the hot  -stage may be moved  up and down
axially.
It is the intention is to use the motorised stage mover in the projects incremental work to

return to some of the fundamental studies based on how position distance and position of
the sample in the DART stream affects the ion profiles obtained from the mass

spectrometer.
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2.7.4.4 Automated positioning of the pn-DART

The commercial DART used in this work has a fixed orientation with the ionising stream in

line with MS inlet and passing over the top o f the sample on the hot  -stage. The n ewer
DART model s (DART-SVP) do es allow the angle at which the ionising stream hits the
sample to be changed between 45° and 0° (flat) but this has to be done manually. It has

been reported in the literature that changing the angle at which the ionising strea m hits

the sample was found to alter the extent of surface ionisation and affected the profiles

obtained from the mass spectrometer. 36
The small size and low mass of the U-DART lends itself to automated positioning and a
second motorised rig has been devel oped for controlling an arm holding the pu-DART so

that it can be quickly set to any angle with respect to the sample (even below 0°) see
Figure 2. 41. This positioning could be rapid enough to allow the angle to be changed even

in the middle of an experimen t allowing volatiles vs sample ablation sampling to be

performed.

]. .
Pivot point about MS i Iet

the hot-stage S e

w-DART holder Hot - stage

hot-stage

Figure 2. 41 Schematic (A) and photograph s (B & C) ofthe p-DART inthe motorised holder at0 and
45 ° respectively

By using the p-DART in combination with the hot -stage the surface/thermally desorbed
ionisation effects could be investigated more thoroughly. Standard models of DART rely

on the thermal desorption process to aid with the removal of analytes from the surface of

an intro duced sample, for this reason it would be difficult to differentiate completely the

difference between surface sampling and volatiles analysis  within a single  experiment.
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Figure 2. 42 shows a graphical representation of the types of experiment possible wi th an
angled u-DART. (A) shows the most aggressive type of experiment, with the ionising

stream directed at 45° to the sample giving a combination of thermal desorption ionisation

and surface sampling ablation effects. (B) shows the standard configuration used currently
with an angle of 0°. Mostly, only material desorbed from the sample would be ionised but

the ionisation stream may be broad enough for some surface ionisation to occur. (C) shows

the DART angled below the horizontal. In such a position only desorbed species would  be

expect ed to be ionised. T he p-DART arm could be swept from low to high angles

throughout the experiment during a temperature p rogramme , possibly aiding with
surface/desorption processes which may be useful in matrix effect studies.
A B C
-DART
MS inlet )
N fe—= s S| B e
45° - R y —
0 e
Hot - stage -20°

Figure 2. 42 Sampling angle effects of p-DART with HDM. A) 45 ° towards the surface, B) 0 ° across
the surface and C)  -20 ° below the surface.
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Figure 2. 43 Angle comparison using the p-DART stepper monitoring ammoniated benzil evolution
A) 228 Da [M+NH 4]* -10°,B) 228 Da [M+NH  4]* 0°and C) 228 Da [M+NH  4]* 45°,

Figure 2.43 shows the results of the analysis of benzil (Aldrich, 5mg) at avariety of angles
(see legend) heated at 5 °C min -1 between 50 and 200 °C  in a standard Inconelpan . When
the u -DART stream is below the hot -stage (-10 °) benzil is still observed. | onisation is
taking place solely through sample volatiles opposed to sample ablation. The harshest

analysis (45°) shows a red uction in intensity  of benzil potentially arising from physically

HE OR ZL Q pdwdErkdd sample from the analysis pan , and/or creating disruption to the air
currents about the inlet of the spectrometer through direct impact with the hot -stage.
Further inve stigation is needed into the effects of angle position , this was included to show

how the angle effect may be utilised
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2.8 Conclusions

Investigation s ZHUH FRQGXFWHG XVLQJ PLFURVFRS\ WR HYDOXDWH '$57]1
suppression properties. It was found that simple digital microscopes could provide

complementary information to DART mass spectra. Commonly during DART analysis

samples are introduced on a mesh after first being deposited, compounds may readily be

HMEORZQYT IURP WKHVH PHVKHV UHGXFLQJ WKH DPRXQW RI DQDO\WH EHI

analysis indicating the need for a more stable sample holder.

The DART source temperature was found to vary  significantly between measured and set
temperatures. Thermal inconsistencies may exist through conventional DART sample
introduction methods. Preliminary studies revealed the need for accurate and controllable

heatin g of samples so that correct thermal con ditions could be quoted and evaluated with

greater certainty.

This chapter has described the design and development of a hyphenated TA -MS technique;
hot - stage microscopy direct analysis in real -time mass spectrometry abbreviated to HDM.

The system can re late physical processes such as melting, geometry changes and colour
changes to chemical signals observed by a mass spectrometer as either a function of time

or temperature.

Software has been developed to control the instrument and collect data (such as tim e,
temperature and RGB values from selected regions of the image) as well as the images

themselves in .jp eg format.

A miniaturised DART source termed p-DART has been developed in tandem with the main
HDM project . The p-DART source has been characterised b y comparing electronic
characteristics and chemical tests utilising survival yields for ionisation source assignment

and shown to be a soft ionisation technique most DART -like as opposed to similar plasma

based ambient ionisation sources.

Throughout possib le improvements and developments on the basic HDM have been
identified and these are at different stages of implementation. These range from
modifications to the current hot -stage to incorporate DTA, new approaches combining
desorption with DART -MS through to the use of micro -controllers to allow flexibility and
facilitate further development. The HDM software is also continuously evolving with

additional features such as support for sample controlled thermal analysis has been

planned.
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3.1 Introduction

The ability to mon itor chemical reactions inreal -time isanimportant tool for both industry
and synthetic chemists devel  oping or optimising processes. Such work requires a valid
method to monitor the formation of intermediates and undesired side products, detect

energetic events that might cause thermal run away and overall ensure the reaction is
being driven in the most efficient and economical way. It can take a considerable amount

of time to optimise all the different conditions needed to drive even the simplest reactions

to completion without sacrificing yields. The analytical information and good temperature
control that HDM can provide make it an ideal method to study complex reac tions that are

thermally driven

Today the synthetic chemist has a large range of analytical tools to aid with reaction
moni toring with  technigues such as TLC ,! UV-VIS,2 FTIR® and NMR * commonly being used
either offline or inline . As with all techniques , they have both strengths and weaknesses,
TLC suffers with poo  r optimisation and requires complete manual input, UV -Vis can require
a lot of sample preparation and NMR requires expensive solvents and clean materia I. The
majority of these techniques cannot be employed in real -time. Thermal analysis can also
be used as a reaction profiling tool but is generally better  suited towards the study of
thermal decompositions. Standard thermal techniques , particularly TG, can be coupled
with mass spectrometry or FTIR for studies of any volatiles produced by a reaction. These
combine d methods are excellent for interpreting complex TG mass loss curves during
reactions (commonly in the form of decompositions ) and pro vide an extra level of

discriminatory  power directly relating a quantitative component to a qualita tive one .5

Conventional chromatography - mass spectrometry systems are less suited for reaction
profiling as, although they combine separation with identification, they are not real -time
technigues. In addition, the state of the sample must be considered t 0 avoid damaging

the equipment or  producing high levels of instrument contamination.

Ambient MS, h owever, has offered a rapid sampling technique for the synthetic chemist

with numerous publications demonstrating the use of DARTS® for reaction monitoring
[llustrated in Figure 3.1 are two literature methods for reaction monitoring using ambient

MS showing how setups can be made for reaction monitoring using ambient ionisation

The attraction is many mass spectrometers are readily adaptable for ambient ionisation
studies and data can be obtained very quickly . Users of ambient MS for reaction profiling
typically analyse a representative sample of the whole reaction medium and acquire all
the resulting data, which may result in very complex spectra. Some workers have
attempted to overcome this by chromatographic separation using TLC and analysing each

spot on the plate separately . Both DART and DESI have been highly successful for
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monitoring reactions directly from TLC plates 7 although the ability to detect transient

intermediates may be lost

Figure 3. 1 Selected ambient ionisation reaction monitoring techniques. Figure modified from; (A)
Inductive ESI -MS8 (B) Ultrasonic assisted reactions  °

Ray et al ., amongst others, have shown that DART itself suffers immensely as an online

reaction monitoring tool due to the current sample introduction methods and the overall
geometry of the source when compared to other ambient ionisation = methods. ° Severa |
authors 1-12 have reportedthe  use of DART for reaction monitoring but mainly in an pffline q

way, typically relying on manual input from the user with a reaction mixture being
introduced onthe  Dip-it® tip (similarto a glass tube) . Todate itis because of these reasons
DART is arguab ly one of the weaker ambient methods for online reaction monitoring, when

other methods are much more applicable.

Research published by Song et al. demonstrated a pseudo online reaction monitoring

system that was used to analyse a batch slurry reaction. T he authors had constructed a

mechanical rig that continuously introduced Dip-it® tips loaded with a fraction of the
collected reaction mixture directly into the DART -100 stream (see Figure 3.2 ). 13 This work
provides an excellent example of what can be achi eved using an automated online system.

Figure 3. 2 DART-MS batch slurry reaction instrumental rig , used to analyse samples in a pseudo
online method , individual samples are gradually moved into the DART stream 13

Due to the size of the HDM system many e xperiments can be carried out with relatively
low quantities of sample (compared with standard synthetic practices) , the amounts used
within the following rea  ctions typically fall between 5 and 25 mg. T his can prove to be a

useful probing tool should there be limited quantities of  any reagent used in the synthesis

98



Importantly due to the use of a reaction pan (as opposed to the standard mesh or Dip-it®

introduction methods ), reactions can be evaluated as either solids or liquids , making it

applicablet o heterogeneous systems. The volume of the pan usedisaround 70 pL meaning

that only very  small quantities of solvent mightneedto be used when studying a reaction.

HDM can, therefore, EH YLHZHG DV D pJUHHQ FKHPLVWi theedatianL TXH FRQF
profiling. T he extraction process usually requires much more solvent should a final product

wish to be extracted for further analysis but the aim is to have a system that allows

reaction profiling and not preparation.
3.1.1 Green Chemistry

Green chemistry is GHIL QH Gth® Miligation of a set of principles that reduces or

eliminates the use or generation of hazardous substances in the design, manufacture and

application of chemical products 4 In terms of synthetic chemistry the practice is often
applied t o either reducing solvent use and/or using ones which are less environmentally
damaging.

However, optimisation of industrially important chemical reactions so as to optimise yield
RU XVH OHVV HQHUJ\ ZRXOG DOVR IDOO XQGHU WKH XPEUHOOD RI pJuU

aspect for which HDM is particularly suited.

This chapter describes the u  se of HDM as a reaction profiling technique, although it does
not include any quantitative analysis or exploration of yields. Instead, the work was

designed as an illustration of the possible benefits of HDM to a wide range of organic

reactions compared to  more conventional methods and that of standard DART -MS.
Solvent free synthesis has been a major synthetic principle that has been adhered to within
the following reactions, typically no auxiliary solvents have been added ( those not

considered a reactant  themselves). For this study, all the reactions investigated utilised
the precise WHPSHUDWXUH FRQWURO RI WKH +'0 DQG ZHUH pWKHUPDOO\ GU

the reactions are typi  cally performed at room temperature.
3.1.2 Aims

The aims of t his work were:

X To evaluate HDM as a technique for thermally profiling organic reactions.

x To trial reactions in a variety of reaction states (heterogeneous and homogeneous
reactions) evaluating breadth of the technique.

X To evaluate reaction temperature and its relation to reaction progression.

x To evaluate the relationship between reaction images and colour (physical
information) to mass spectral profiles (chemical information).

X Confirmatory studies are used to evaluate HDM findings.
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3.2 Hydrobenzamide Synthesis

Hydrobenz amide can be synthesised from a two component liquid state reaction between
DTXHRXV DPPRQLD DQG EHQ]JDOGHK\GH 7KH VA\VWHP ZDV VHOHFWHG V
capabili ties of profiling reactions in the liquid state with the product forming a white

powder .1°

AIWKRXJK QR ORQJHU D FRPPRQO\ XVHG FRPSRXQG WKH YYQWKHVLYV

(phenylmethylene) bis (1 -phenylmethanimine) (commonly known as hydrobenzamide),
serves as an excellent example of an aldol condensation reaction (see Schematic 3.1).
Hydrobenzamide was historically investigated for use medicinally ,%*® more recently it has

been used within  the nanotechnologies industry. 17

Ammonia

[1E,1'E}-M,N-[Phery imethy lene) bid 1-pherny Imethanimine)

Berzaldehyde

Schematic 3.1 Overall synthesis of h  ydrobenzamide from benzaldehyde and aqueous ammonia.
Standard synthesis methods report stirring the two components together for 24 -48 hours

atroom temperature. ' The HDM study the following ex perimental parameters were used:

To a standard thermal analysis reaction pan (6mm, Inconel) was added benzaldehyde (30

ML, Aldrich ) and agueous ammoni  a (35%, 150 uL, excess , Aldrich ). A linear heating rate
of 10°C min ! from 30 to 400 °C was used . The DART source and mass spectrometer were
operated in positive mode only with all resultant mass spectral profiles being acquired.

Scan ranges were set betw  een 100 and 2800 Da with an accumulation time of 200 ms.

Based on the mass spectra obtained in combination with existing literature the reaction
scheme shown in  Schematic 3. 2 has been proposed. !° The reaction is initiated by the
nucleophilicammonia attack  ing the carbonyl carbon of benzaldehyde. After rearrangement

and self -condensation a reactive imine is formed (phenylmethanimine, intermediate). The

imine undergoes further nucleophilic attack from another free ammonia molecule, after
rearrangement a diami ne (phenylmethanediamine) is formed yielding the central
backbone of the final hydrobenzamide product. Each of the amine arms then undergo es
nucleophilic attack of benzaldehyde carbonyl carbons and, after rearrangement and
dehydration , the final product is obtained. An average mass spectrum of the reaction

process is shown in Figure 3. 4 with key signals marked.
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Schematic 3. 2 Proposed mechanistic pathway of hydrobenzamide synthesis from benzaldehyde and
agueous ammonia.
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Figure 3. 3 Average mass spectrum over the full duration of the hydrobenzamide reaction *) Assigned
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Figure 3. 4 Reaction profiling for the formation of hydrobenzamide from benzaldehyde and aqueous
ammonia. A) 106 Da [Benzaldehyde + H] *, B) 299 Da [Hydrobenzamide + H] .

The reaction profile for the reactant (benzaldehyde, 106 Da [M] * ) and product

(hydrobenzamide, 299 Da [M+H] *)is shown in Figure 3. 5. The ion intensities have been

normalised for  clarity .

102



The blue trace (A) in Figure 3. 4 shows aninitial risein  profile intensity as the benzaldehyde

is heated up (attributed to evaporation) until 95 °C when it suddenly begins to decline in
intensity as the product becomes evident. T his decline in r eactant intensity has been
tentatively attributed towards reaction consumption. The reactant continues to decline up

until 127 °C when a plateau is observed with the shoulder being attributedto the presence

of another compound  of the same nominal mass. Sc  hematic 3. 2 shows that the imine

intermediate has a mass of 105 Da, the charged protonated molecular ion [M+H] * would
also appear at 106 Da. A fter this event around 150 °C the final decline of the reactant is
observed. Product evolution is shown between 10 0 and 165 °C up until the final decline of

the reactant the onset is tentatively attributed towards the melting of the product . Since
all the reactant has been either evaporated or consumed the product formation declines

due to exhaustion of the benzaldehy de.

Figure 3. 5 Micrographs of the hydrobenzamide reaction. A) 50 °C, B) 100 °C and C) 150 °C

Figure 3. 5 shows the micrographs of the reaction process. Since the reaction is based on

two clear liquids reacting toforma white productthe overall processi s quite subtle. Image

A shows the liquids beginning to react as a slightly cloudy solution starts to form. Image

B sees the reduction in volume associated with the evaporation of the benzaldehyde and
correlates well with the rise in intensity of the produc t seen in Figure 3. 4. The melting
point of the hydrobenzamide product is close to this temperature (102 -105°C) ? and link s
to the step rise for the hydrobenzamide protonated molecular ion profile . As the
temperature is increased further the remaining solution is forced towards the edges of the

pan (Image C) this remains until all the solution becomes exhausted or evaporates away.

Figure 3. 6 is a plot of the overall reaction § total colour change a s a function of

tempe rature, this value is a summated colour score ( TRGB) as was discussed in  Chapter

2. The trace mainly illustrates the removal of the liquid reactants from the pan between

50 and 120 °C. The dip in the signal at 120 + 145 °C was caused b y the lo ss of the

reflection from the L ED lighting from the microscope itself (WKH pKDORYT W\SH HIIHFW LQ )
3.5 image B ) and the loss of this reflectance in image C. The faint decline in colour signal

has been attributed towards the final removal of sa mple from the pan as the remaining

liquids are removed between 150 - 250 °C complimenting the reaction profile in Figure

3. 4. The final section (250 °C onwards) is essentially a steady signal produced by an empty

pan.
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Figure 3. 6 Colour profiling of the h  ydrobenzamide reaction, colour of the reaction plotted as a
function of temperature.

Confirmatory studies were done using DSC and NMR on products from the same reaction

but on a slightly larger scale

The reactive mixture was placed within a temperature co ntrolled furnace and the
temperature ramped to a maximum of 130 °C so sufficient product was formed without

risk of depletion or decomposition.

The product was then purified by allowing the solution to cool and rest until a precipitate

of hydrobenzamide w  as noted. The crude product was then isolated and washed with cold
distilled water under vacuum. The final washed product was then recrystallised from

minimal hot ethanol to yield white crystals. The sample was then analysed for purity by

using proton NMR analysis and DSC.

Figure 3. 7 shows the proton NMR spectrum of the hydrobenzamide product, the sample
was prepared in deuterated chloroform. The NMR assignment is within good agreement to

the existing literature .2

/n (400 MHz; CDCI 3; Me 4Si) 7.314(2H, m, Ar  -H), 7.404(2H, t, Ar  -H), 7.461(4H, m, Ar  -H),
7.553(2H, d, Ar  -H), 7.899(4H, m, Ar  -H), 8.623(2H, s, N=C  H).

Figure 3. 8 shows the melting of the purified hydrobenzamide product using DSC

(performed to evaluate the purity of the final product) . A linear heating experiment was

set up at a rate of 5 °C min - between 30 and 200 °C , the mass of the product was

approximately 10 mg . As can be seen a sharp melt is observed at T onset =10 1.6 °C, which

is very closetothe litera ture meltingrangeof102  -105°C. 2 7KH '6& plILWY KDV EHHQ LQFOX

for illustrative purposes.
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Figure 3. 7 Proton NMR spectrum of synthesised hydrobenzamide product.
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Figure 3. 8 DSC analysis of synthesised hydrobenzamide product.
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3.3 Binol Synthesis

[1,1' -Binaphthalene] -2,2'-diol (commonly known as binol) can be produced by the

reductive coupling of 2 -naphthol . The reaction is known as the Scholl reaction, 22 andis an

important synthetic reaction used for forming carbon -carbon bonds within substitute d

aromatic rings primarily belonging to the phenol and naphthol families .2 The system was

VHOHFWHG WR GHPRQVWUDWH +'0V FDSDELOLWLHV IRU SURILOLQJ UHI

The reaction relies on  the reductive catalyst inducing radical recombinati ons yielding the

final product. An overview of the reactio nis shown in Schematic  3.3.
2 FeC136H20 OH
—_—
OH
OH

naphthalen-2-ol

[1,1'-binaphthalene]-2,2'-diol

Schematic 3.3 Overall synthesis of binol from 2 -naphthol and ferric chloride hexahydrate.

The reaction has been extensively studied with primary focus on solvent free synthesis
that can be achieved with careful selection of reagents. Many of the literature methods

evaluate the effect of the addition of various  catalysts such as FeCl 3.6H20,%* MnO2?° and
TiCl4%® on the yield. Binol itself serves as a useful synthetic building block primarily used

within the formation of organometallic catalysts 27 and as a ch elating compound for

fluorescence studies .28

The synthetic pathway show  n in Schematic 3. 4 is based on the existing litera  ture. 2 The

reaction is induced by the reductive ferric ion removing an electron from the resonant form

ofthe2 -QDSKWKRO 7KLV HOHFWURQ UHPRYDO \LHOGV D QDSKWKRO UDGL
carbon. A radical pairing occurs to produce the penultimate bi nol product. Final oxidative

rearrangement is most likely initiated by atmospheric oxygen removing the hydrogens at

HDFK R \tKrbond, (driven by aromatic stabilisation) yielding the final racemic binol

product . Although many authors  2°-39 claim that th is reaction is a solid -solid reaction they

often neglect the factthat the waters of crystallisation i n the ferric chloride hexahydrate

are lostat ca. 37 °C, so slight heating results in a heterogeneous state reaction.
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Based onthe work of Toda  etal. the experimental parameters for the HDM were as follows;

Anaphthol (8 mg,55.5 umol, Aldrich , beige solid ) and iron (lIl) chloride hexahydrate (30
mg, 111 pmol , Aldrich , light yellow solid ) were |oosely fground together before addition

to the sample pan. The stage was heatedat 1°C min-!from30to 250 °C. Full mass scans

were acquired in positive ion mode.

,—3 —
OH

U <|; OH*

2-naphthol
. ) Fe3t H
Chemical Formula: C;,HgO
- Exact Mass: 144.06 -
FeX

2
C- OH*

OH

OH
Binol

Chemical Formula: C,,H 40,
Exact Mass: 286.10

Schematic 3. 4 Proposed mechanistic pathway of binol synthesis from 2 -naphthol and ferric chlor  ide
hexahydrate based on work of Toda et al. 29
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Figure 3. 10 Reaction profi ling for the synthesis of

the binol product , as a function of temperature.
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Figure 3.10 shows the formation of binol as a function of temperature. In this example the
EIC of binol (286 Da, [M] *) is shown exclusively as no sign of reactive intermediates (see
Figure 3.9) was detected. Extra signals observed are assumed to be the thermal

rearra ngement products of binol.

Asample of 2 -naphthol was tested individually as a separate experiment and was observed

as the protonated form 145 Da [M+H] * but more readily as its dimer 299 Da [2M+H] .
From this brief experiment the complexation of the iron in the reaction experiment is
expected to have reduced the ease of ionisation existing as an iron complex, the literature

has very few ex amples of DART -MS applied to co ordination complexes.

The profile in Figure 3.10 shows a series of key steps. N othing is observed until above 70

°C when there is the first indication that product is being formed . A plateau in the  profile
is shown from ca. 90 to 120 °C which is tentatively attributed towards a steady state
condition where the rate of product formation is mat ched by the rate of loss through

thermal desorption.  The rise in  binol shown from 120 °C can be directly correlated to the
melting of the 2 - naphthol reactant, at this moment the reaction rate significantly increases

due to more intimate mixing between liqu id reactant and the iron chloride. Product is
continuously evolved up until 185 °C after which the decline in signal is assigned to the

depletion of the reactant.

For this reaction, the optical component of HDM vyields very useful complimentary data to

the EIC profile.

Figure 3. 11 shows micrographs of the reaction at a range of temperatures. T he most

striking change is between images A and B going from a light yellow to a dark brown

attributed to the dehydration of ferric chloride hexahydrate ( commonly referred to as the

melting as the salt dissolves in its own waters of crystallisation ) around 37 °C. The dark

FRORXU LWVHOI PRVW OLNHO\ KDV WZR FRPSRQHQWEphttoKahdD FW XD O pZ
also from the iron  -naphthol complex that can be formed. This dark brown colour is used

DV D FRPPRQ LQGLFDWRU DV D pZHW WHVWY{ WR VKRZ WKH SUHVHQFH R
compounds .3° The colour profile (obtained from the overall colour change “"RGB) shown in

Figure 3. 12 also reveals this sharp colou  r change clearly.

Secondly, key event s the melting of the 2 -naphthol and the rapid onset of product
formation which is clearly observable in both the colour profile and micrographs. Images

C and D show a clear difference, the beige coloured spots of the 2 -naphthol disappear
during the melting and the colour profile shows a corresponding step change in total RGB

change of 30 a.u.. A final event relates to the melting of the binol product revealed by

another step change in colour between 200 and 216 °C which correlates to the known

melting point of the product. 32
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Figure 3. 11 Micrographs of the synthesis of binol. A) 30 °C, B) 50 °C, C) 100 °C, D) 150 °C, E) 200
°C, F) 250 °C

400 ~
350 A —

300 A
250 A
200 -

ARGB / a.u.

150 A
100 -
50 -

O I I 1 1 | 1
0 50 100 150 200 250 300

Temperature/ °C

Figure 3. 12 Colour pro filing of the binol ~ synthesis. R eaction colour change plotted as a function of
temperature. Labels correlate to micro  graphsin F igure 3.11 .
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Micrographs E and F show a very gradual change between brown and black as the product
melts (images E and F ), but this is very  difficult to observe with the human eye and
interpretation could be somewhat subjective. However, interpretation of the binol profile

is aided by the colour profile data provided by HDM.

Again, confirmatory studies were done using DSC and NMR on products o btained from the
same reaction but on a larger scale . A 1°C min ! heating rate was applied with the
maximum temperature restricted to 150 °C. The product was purified by washing with

cold water to remove the various iron salts and then recrystallised to o btain a white/beige

powder .

Figure 3. 13 shows the NMR spectrum of the binol product (the insert shows expansion of

the aromatic region) and is in good agreement with the literature .33

/n (400 MHz; CDCI 3; Me 4Si) 5.057 (2H, s, -OH), 7.181 (2H, d, Ar  -H), 7.32 6 (2H, td, Ar -
H), 7.387 (4H, td, Ar  -H), 7.412 (2H, d, Ar  -H), 7.920 (2H, d, Ar  -H), 8.002 (2H, d, Ar  -H).

Figure 3. 14 shows the DSC thermogram of the purified binol . The product (ca.5 mg) was

heated using a linear heating rate of 5 °C min -1 from 30 to 300°C . A sharp meltis observed
at Tonset = 216.2 °C, agreeing closely with literature ranges published between 215 and
217 °C .*2
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Figure 3.1 4 DSC analysis of the synthesised binol product.
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3.4 14 -Aryl Xanthene Synthesis

For this study, the  pu-DART (Chapter 2 , Section 2.6) was used to simultaneously sample in

ERWK WKH SRVLWLYH DQG QHJDWLYH PRGH XWLIi@ kwWticling modeH LRQ WUDS'
The synthesis of 14 -phenyl - 14H -dibenzoxanthene (aryl xanthene) is similar to the binol

carbon coupling reaction described previously. This reaction is multicomponent, using the

same components (2 -naphthol and ferric chloride hexahydrate ) together with an aromatic

aldehyde, benzaldehyde. Schematic 3.5 shows an overview of the reaction: 2 equivalents

of 2 - napthol react with 1 equivalent of benzaldehyde to form the product 14 -phenyl -14H -

dibenzoxanthene.

O
OH
FeCl;.6H,0O
2 + —
naphthalen-2-ol benzaldehyde 0
Chemical Formula: C;(HgO Chemical Formula: C;H;O 14-phenyl-14H-dibenzo[a,j]xanthene
Exact Mass: 144.06 Exact Mass: 106.04

Chemical Formula: C,;H;30
Exact Mass: 358.14

Schematic 3.5 Overall synthesis of aryl  -xanthene from 2 -naphthol, benzaldehyde and ferric chloride
hexahydrate.

The reaction was considered a good test of HDM due to the greater complexity of the
system (being multiple component) . Aryl -xanthene sthemselves find uses pr  imarily within
the dyes and pharmaceutical sector s, with many research article S reporting on their use

within lasers, %* anti -viral activity 2° and solar materials. 3¢

OXFK FXUUHQW UHVHDUFK IRFXVHYV RQ ZzD\V RI PDNLQJ WKH VIQWKHVLYV
the use of modified clay catalysts, 37 non - conventional heating methods such as microwave

heating *® and with metal salts as catalysts. 39
The experimental conditions used were:

2-naphthol (16 mg, 111 pmol , Aldrich ) and iron (lll) chloride hexahydrate (30mg, 1 11
pmol , Aldrich ) were premixed before the addition of the benzaldehyde (5.1 pl, 50 pmol)
The reaction mixture was heated at 5 °C min -1 from 30 to 400 °C. Simultaneous positive
and negative spectra were obtained using the p -DART and the mass spectrometer was set

to alternating polarity mode for dual polarity data collection.
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Schematic 3.6 shows the reaction scheme based on existing literature. 40 The reaction
forms acomplex between the solvated iron and the benzaldehyde although, as 2 -naphthol
is also present, the iron  -naphthol complex will also form resulting in a dark coloured
solution as noted in the binol example. Through nucleophilic attack by the 2 -naphthol on
the benzaldehyde the first intermediate is formed, which is stabilised by proton transfer.

The intermediate then undergoes dehydration to form the second intermediate which is

subjected to further nucleophilic attack with a second 2 -naphthol molecule. The
penultimate intermediate self -cyclises and dehydrates to finish the reaction process

forming the aryl -xanthene.

benzaldehyde
Chemical Formula: C;HsO
r}) Exact Mass: 106.04
/

/C: —_—
" H

Proton

Trans.
Y \_H i
o |

(@)
Dehydration c
H
; O—_
H
. H,0 /)
A

Intermediate

Chemical Formula: C,;H,70,
Exact Mass: 376.15

Proton
Trans.
H —_—
(@]
- P!
Dehydration _~-0
H
H,O
14-phenyl-14H-dibenzo[a,]xanthene
Chemical Formula: C,;H,gO
o Exact Mass: 358.14
Schematic 3. 6 Proposed mechanistic pathway of aryl -xanthene synthesis from 2  -naphthol and ferric

chloride hexahydrate.  4°
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Figure 3. 15 Averaged mass spectrum across the aryl -xanthene reaction. A) Negative mode, B)

S3RVLWLYH ORGH SHDFWLRQ VLIJQDOV f XQDVVLIJQHG UHDFWLREeVLIQDOV

not highlighted for clarity,

1 -
o A B C
'E 0.8 - +Ve -Ve +Ve
=
a
c
- 0.6 -
k=,
D
204 -
[
£
o
= 02 -
U | ] |
0 100 200 300 400
Temperature / °C
Figure 3. 16 Reaction profiling for the synthesis of aryl -xanthene shown as a function of temperature.
A) Benzaldehyde 107 Da [M+H] *, B) Reaction intermediate 375 Da [M -H]- and C) Aryl -xanthene 358

Da[M] *.
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Figure 3.15 shows the average mass spectra obtain ed in both negative (A) and positive
(B) modes. Increasing the number of reaction components also increases the number of

possible side reactions and, since this is a temperature driven reaction, the number of

thermal re -arrangement and decomposition products also m ay increase. In positive mode
more side reactions and decomposition stages are apparent. In negative mode mass

spectra are simpler mainly because fewer analytes are amenable to negative mode
ionisation. Many intermediate s are shown within the proposed reac tion scheme, and the
average ma ss spectra in both modes appear to reflect this, as opposed to the relatively

simple spectra noted in other examples.

Figure 3. 16 was constructed using both positive and negative mode signals from the g -

DART as some key inter mediates may be missed if the experiment is operated in one

ionisation mode solely. Although commercial DART systems have the ability to switch

ionisation mode (between positive and negative) it is still slow (some seconds) and

ionisation quantity is expec WHG WR EH UHGXFHG GXH WR WKH pGRZQ WLPHY WCL
module . In the case of the ion trap this switching capability is a relatively quick MS allowing

virtually simultaneous recording of both polarities when using the p -DART.

Profile A in Figure  3.16 follows the release of the protonated molecular ion of
benzaldehyde. As in previous examples, this compound is released from the onset of

heating and comes to a maximum level around 75 °C. A sharp decline is observed after

the signal maxim um which is attr ibuted to the initiation of the reaction between 80 and

100 °C. Between ca. 100 and 170 °C the level of benzaldehyde plateaus and coincides

with the formation of intermediate (B). As the intermediate profile declines the first signs

of product release are  seen. The product profile (C) has an unusual shape that has arisen
from several ions being formed for one analyte, product C is observed as both the
molecular ion 358 Da [M] * and the protonated molecular ion 359 Da [M+H] * that take
preference during differ  ent temperature regions. Although both signals are present the
molecular ion 358 Da [M] * observed the greatest profile stability so was used as a
representative profile for the aryl -xanthene product. A sharp increase in profile C is seen
at 250 °C which co rrelates to a change in colour and micrographs discussed later. The final

sharp increase and then decline in profile C ca. 295 °C correlates to the final drying of the
reaction when the final oily components are removed leaving behind a solid char that

app ears to gradually oxidise and results in a loss of profile intensity. The apparent gain in
benzaldehyde (A) during the later stages has most likely arisen from lower molecular

weight thermal decomposition products sharing the same nominal mass as several n ew

signals are also observed.

Figure 3. 17 shows the colour profile of the reaction. For this reaction the profile is difficult

to interpret partly due to the complex nature of the trace. However, with the aid of the
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micrographs in Figure 3. 18 some features of the trace can be evaluated. 80 -100 °C shows
a sharp step in colour ( TRGB = ca. 220 a.u.), the step arises from the dehydration of the
majority of liquid components in the reaction pan, mainly the benzaldehyde (micrographs

A-B, Figure 3. 21) profile A.

A gradual darkening is noted before another step change between 145 -170 °C,
micrographs C -D show the remaining liquid begins to turn slightly matte in finish ,
coinciding with the intermediate formation (B). The reaction darkens gradually between

180 and 250 °C, ™RGB changes by ca. -250 a.u.. The surface becomes reflective, linked

to the sharp rise in product signal (C). During this temperature range the remaining

organic products are assumed to have reached a boiling point and boil away. The
remaining solid gradually oxidises under the harsh conditions between 250 -400 °C leaving

behind the char  (see micrograph F ).

500 -~

400 A

300 -

200 4

IRGB / a.u.

100 A

D | 1 I 1
0 100 200 300 400
Temperature / °C

Figure 3. 17 Colour profiling of the aryl -xanthene synthesis.  Labels c orrelate to the micrographs in
Figure 3.18 .
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Figure 3. 18 Micrographs of the aryl  -xanthene synthesis, A) 80 °C, B) 100 °C, C) 145 °C, D) 170 °C,
E) 250 °C and F) 400 °C.

The reaction was repeated but on a slightly larger scale so that DSC and NMR confirmatory

studies could be performed. The scaled reaction was heated at 5 °C min ! between 30 and
170 °C, the reaction was held in this temperature region for 10 minutes so product
formation occurred without risk of significant thermal decomposition. The reaction mixture

was washed with cold deionised water to remove the remaining iron salts and the crude

product was recrystallised from hot ethanol to afford a beige powder

Unfortunately, the beige powder requires further purification after the original NMR
analysis suggested that multiple chemical species were still present. The intention would

be to return to the powder and purify through column chromatography.
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3.5 2-Phenylbenzimidazole Synthesis

A heterogeneous reaction between the liquid benzaldehyde and solid o -diaminobenzene
was selected to be monitored using HDM , selected as many reactions rely on
heterogeneous synthesis . The reaction itself has been extensivel y reviewed within the
literature yielding the product 2 -phenylbenzimidazole .*' Commonly phenylbenzimidazoles
are produced through reactions of primary amines and carbonyl -containing phenyl

compounds such as benzaldehyde or benzoic acid as outlined in Schem atic 3.7.

©((j~©@%@

benzene-1,2-diamine benzaldehyde 2-phenyl-1H-benzo[d]imidazole
Chemical Formula: C¢HgN, Chemical Formula: C,HO Chemical Formula: C;3H; (N,
Exact Mass: 108.07 Exact Mass: 106.04 Exact Mass: 194.08

Schematic 3.7 Overall reaction between benzene -diamines and phenyl -aldehydes yielding
substituted phenylbenzimidazoles.

Phenylbenzimidazole and its various substituted analogues are of great inter est for current
research for their  use within a wide range of applications including as antimicrobial, 42
antiviral “® and anticancer “ compounds. Many literature met  hods report the use of reaction

of these compounds within solvents usually refluxing under oxidative and acidic conditions

as originally reported by Phillips, “° and the method of synthesis is now commonly known

DV WKH 3KLOOLSYTV EHQJLPLGD]ROH VIQWKHVLV

Schematic 3. 8 shows a proposed synthetic pathway based on existing literature .46-47 The
reaction can follow one of two routes, the formation of the target molecule 2 -
phenylbenzimidazole and the second route yields the product 1 -benzyl -2-phenyl -1H-
benzo[d]imidazole. The reaction proceeds through nucleophilic attack between the amine

group of o-diaminobenzene and the carbonyl carbon of the benzaldehyde. After proton

transfer and dehydration the key intermediate (( E)-2-(benzylideneamino)aniline) can
follow one of two pathways. If sufficient oxygen is present the intermediate may undergo

a final dehydration to yield the 2 -phenylbenzimidazole product.

Should the reaction be oxygen deprived or if higher amounts of benzaldehyde are used
the synthetic pathway preferentially follows a second nucleophilic attack from the primary

amine towards another be  nzaldehyde molecule. Another condensation reaction follows to
produce the penultimate product. The final step is the self -cyclisation driven by aromatic

stabilisation producing the secondary product 1 -benzyl -2-phenyl -1H-benzo[d]imidazole.
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The following exp eriments were setup to evaluate the synthesis without solvent (common
synthetic method)  and as a function of temperature, the driving force is expected to be

the removal of water at elevated temperatures preventing the reverse reaction

Benzaldehyde (20.4  pL, 200 umol , Aldrich ) was deposited onto 1,2  -diaminobenzene (21.6
mg, 200 umol , Aldrich ) in the reaction pan. A linear heating rate of 5 °Cmin -1 was applied
to the sample between 30 and 300 °C. The reaction was also repeated keeping everything

constant o ther than using benzaldehyde in excess. The DART and MS combination were

operated in positive mode only.

v [ 0
- oY

Chemical Formula: CgHgN,
Exact Mass: 108.07

Proton
Trans.
Intermediate
(E)-2-(benzylideneamino)aniline H
Chemical Formula: C3H;,N, Dehydration
Exact Mass: 196.10
N ; OH
A -H,O NH,

0] Dehydrati
(@] chydration
NH, j
\_~ | \
N

2-phenyl-1H-benzo[d]imidazole
Chemical Formula: C3H (N,

N Exact Mass: 194.08
A Product 1
NH2+
Proton Trans. N
Dehydration \

-H,O

N\

Aromatic
stabilisation

1-benzyl-2-phenyl-1H-benzo[d]imidazole
Chemical Formula: C,oH;¢N,
Exact Mass: 284.13
Product 2

Schematic 3. 8 Proposed mechanistic multi  -route synthesis between benzaldehyde and o -
diaminobenzene . Based on literature.  46-47

120



Figure 3. 19 Average mass spectrum over the full reaction duration for phenylbenzimidazole. All
major peaks have be en assigned.
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Figure 3. 20 Reaction profiling normalised ion intensities plotted as a function of temperature for
reaction pathway one. A) o -diaminobenze ne 109 Da [M+H] *, B) Intermediate 197 Da [M+H] +, C)

Product one 195 Da [M+H]  *.
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Reaction pathway 1 from Schematic 3.8 is profiled (see Figure 3.20 ), the large differences
in ion intensity (shown in Figure 3.19 ) resulted in the reaction profile being normalised for
clarity. Figure 3.20 profiles the conversion from reactant (o -diaminobenzene, 109 Da,
[M+H] *), to intermediate ((E) -2-(benzylideneamino)aniline, 197 Da, [M+H] *) to product
(2 - phenylbenzimidazole, 195 Da, [M+H] *).

The onset of heating releases the o-diaminobenzene, around 85 °C the peak maximum is
noted. The highest rate of intermediate formation (B) is shown between 70 and 105 °C
coinciding with the maximum of o -diaminobenzene. The same  trend is observ ed between
intermediate  and product formation between 120 and 150 °C. A significant amount of

water is removed during these reaction pathways potentially explaining the exclusivity of

the protonated signals as discussed in the introduction.

Comparisons of the micrographs and colour ( Figure 3. 21 & Figure 3. 22 respectively) to
the reaction profile show so  me key steps. Micrographs A-C show the conversion from a
liquid state to a semi  -solid reaction mixture as the benzaldehyde reacts with the o -
diaminobenzene.  The colour profile within this temperature range shows a gradual
increase in total colour, arising from the shift in yellow liquid to the more reflective solid

bed that formed.  The development of the semi -solid correlates well with the rise in product

1 pr ofile (C). The decline in product 1 (C) from 170 °C appears to arise from the onset of
thermal decomposition as the colour also begins to darken. The final darkening (see
micrograph E ) is the thermal decomposition monitored between 200 and 300 °C as a

brow n oil remains, from a variety of thermal decompositi