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ABSTRACT 

Pulsed plasma polymerisation provides an efficient method for the 

functionalisation of solid surfaces. In comparison to continuous wave plasma 

conditions, it causes limited monomer fragmentation and leads to high levels 

of structural retention. Diagnostic studies on such systems have become 

increasingly common establishing plasma diagnostic techniques as a powerful 

tool to garner a deeper understanding of the chemistry on which these pulsed 

plasma deposition processes rely on.      

 In this work, in situ time-resolved mass spectrometry was employed, 

operating in both ion and radical species detection mode, to explore the 

complex nature of the chemical reactions occurring in the plasma phase. The 

intent of this project is gain insight into reaction pathways of pulsed plasmas, 

and draw comparisons between conventional step-growth polymerisation 

(monomer-monomer addition) and pulsed plasma polymerisation routes. 

Common monomer precursors were investigated under pulsed plasma 

conditions, namely; 1-decene, allyl glycidyl ether (AGE), hexafluoropropylene 

oxide (HFPO),  glycidyl methacrylate (GMA),  maleic anhydride (MAH) and 

butyl acrylate (BA).         

 The experimental results confirm that step-growth polymerisation 

occurs in the plasma phase, via two distinct plasma environments as identified 

by time-resolved mass spectrometry. Importantly, pulsing electric discharges 

is demonstrated to limit the monomer fragmentation so that the chemical 

features of the original monomer precursor remain intact leading to structurally 

well-defined plasma polymers. Such findings corroborate the results obtained 

from the characterisation of resulting plasma polymer films that can be found 

in the literature. 
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1 : PLASMA POLYMERISATION 

1.1 Plasma Technologies: An Introduction 

Plasmas are ionised gases and are often referred to as the fourth state of 

matter. A plasma is composed of electrons, ions and neutrals which are in 

fundamental and excited states. These plasma systems are considered 

electrically neutral from a macroscopic point of view, but they contain free 

charges and are electrically conductive.1,2     

 Plasma technologies represent a class of industrial processes which 

make use of a “cloud” of ionised gases (plasmas) that interacts with a surface 

(or substrate). In fact, the reactive nature of plasma systems can be employed 

to generate a large number of chemical reactions occurring within the plasma 

phase or at plasma-surface interfaces. These interactions are usually 

categorised in three main groups, according to the industrial application: 

etching, or removal of material, often in a selective manner; surface 

modification, when chemical functional groups are incorporated in the 

outermost surface layer, and deposition, wherein a distinct material with a 

different chemical make-up is formed at the surface.3,4   

 These plasma-based techniques have become increasingly appealing 

to manufacturing industry as they represent key technological tools for 

fabricating commodities that can be found in everyday life.5  For instance, 

plasmas are heavily utilised in the electronic industry for semiconductor 

deposition and surface modification.6,7,8 Industrial plasmas are also employed 

to deposit low-volume high-value functional layers that can confer optical, 

electrical, magnetic, mechanical or barrier properties. 9  Among industrial 

plasmas, polymerising plasmas have generated an immense interest from 

researchers, because they are relatively inexpensive, solvent-free, and 

ultimately provide a direct method for the functionalization of solid surfaces 

with organic thin films. In the following paragraph an overview on plasma 

polymerisation processes, pioneering mechanistic studies and the evolution to 

pulsed plasma deposition methods is given. 
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1.2 Plasma Polymerisation 

1.2.1 Principles 

Plasma polymerisation techniques are used for the fabrication of thin films and 

coatings for numerous applications ranging from optics and optoelectronics to 

aerospace, automotive, biomedical, microelectronics, fabrics, and many 

others. 10, 11 ,12 , 13 ,14  These organic thin films are obtained from the plasma 

activation of an organic precursor mainly via electron impact collisions, Figure 

1.1. This is a solvent-free method which allows to obtain organic thin films with 

good adhesion properties on many different substrates and the possibility of 

using an exceptionally wide range of chemical precursors and any volatile 

compound including saturated ones, may be virtually employed.15,16  Plasma 

polymers are characterised by an intrinsic crosslinked structure, due to the 

chemical bond dissociation of precursors that occurs in the plasma, that 

confers interesting properties such as excellent mechanical resistance and 

thermal stability to the final organic film.17,18 However, because the plasma is 

operated in continuous wave mode (constant stream of electrons colliding with 

the molecules in the gas phase), the plasma precursors are randomised, 

breaking down into radicals or ions and a high level of precursor fragmentation 

is reached. Therefore, the chemical functional groups derived from the original 

precursor molecule are lost, leading to a poor chemical control of the plasma 

polymer composition.19 

  

Figure 1.1: Schematic representation of a plasma reaction. M: Monomer, M•: Reactive 
monomer species, M-M•: Polymerised reactive species, P: Polymer on the surface, NR: non-
reactive species. 
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1.2.2 Proposed Mechanistic Models  

Several works on plasma polymerisation mechanisms can be found in the 

literature, where kinetic aspects and radical/ionic character appear to be the 

main focuses of these studies. In the following paragraph, some of the 

pioneering studies aiming at achieving a better understanding the chemistry 

and physics behind plasma polymerisation are reported and briefly described. 

 Early models for plasma polymerisation were mainly based on ionic 

mechanism within the adsorption layer, where the polymerisation rate can be 

written as m=α·I·t, with m being the deposited polymer mass per area, α the 

adsorption constant, I the current density at the electrodes and t the deposition 

time.20 Other fundamental works on glow discharge polymerisation, described 

the reaction pathway as the result of activated radical species, generated by 

plasma excitation, which then recombine to form the organic polymer film. The 

radical plasma reaction proceeds by sequential addition of monomer units 

resulting in chain growth (Rn• + M → Rn+1•) and radical recombination 

processes (Rn• + Rm• → Pn+m). The kinetic model can be expressed analytically 

by the relationship between the radical formation rate and the pressure of the 

monomer precursor.21,22 Later on a similar approach was used, introducing the 

concept of inert gas and its capability to transfer energy to organic 

monomers.23 This improved and widely accepted kinetic model assumes that 

the monomer precursors can be activated by both plasma and inert gas at the 

same time (energy transfer), this is followed by the initiation step with 

subsequent radical formation (M*→ M•) and chain propagation (Rn• + M → 

Rn+1•). Relevant information about the plasma phase chemistry and reaction 

pathways can also be obtained by studying different classes of reactive 

monomer precursors in relation to the behavior shown in a plasma 

environment and to the resulting polymer film.24 Several categories can be 

identified according to retention of monomer structure, fragmentation of large 

unsaturated species or polymerization of large fragments. 
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1.2.3 Pulsed Plasma Polymerisation 

In view of its high potential for material surface modification, plasma 

polymerisation has been further improved, in the search for organic deposits 

with stable and selective chemistry.25,26,27,28 Over the years researchers have 

developed a new technique that consists in pulsing the plasma, in order to 

reduce the overall power input. This new method offers the possibility to 

overcome the main drawback of continuous wave plasma deposition where 

the monomer precursors undergo excessive fragmentation levels. Pulsed 

plasma polymerization techniques have been proven to be very effective; in 

fact the chemical process is remarkably enhanced due to a better control of 

the energy dissipation in the gas.29,30    

 Operating in pulsed conditions, the plasma is intermittently generated 

according to the pulse frequency, which is strictly dependent on the duty cycle. 

The duty cycle (DC) indicates the relationship between the plasma on-time (ton) 

that represents the time frame in which the plasma is on and the off-time (toff) 

where the plasma is absent.31 This physical quantity is expressed analytically 

by Equation (1.1): 

𝐷𝐶 =
𝑡௢௡

(𝑡௢௡ + 𝑡௢௙௙  )
  (1.1) 

The mean power P is then defined as the average energy dissipated in the 

plasma over the pulse period (ton+toff), with Pon being the continuous wave 

power introduced in the system during ton time frame, Equation (1.2): 

𝑃 = 𝑃௢௡

𝑡௢௡

(𝑡௢௡ + 𝑡௢௙௙  )
  (1.2) 

The duty cycle is often modulated, in order to control the retention of the 

chemical group hosted by the chemical precursor in the organic film deposited, 

although it has been shown that the amount of power input Pon is also crucial 

to obtain well-defined plasma polymers.2,32,33 The retention of the chemical 

structure associated with the precursor molecule is a key factor to take in 

account in pulsed plasma polymerisation processes and this can be seen in 

terms of amount of preserved chemical functionalities of original precursor in 

the final organic deposit, Figure 1.2.34,35 



21 

 

Figure 1.2: Example of pulsed plasma deposition of glycidyl methacrylate (GMA) on a silicon 
substrate. High selectivity and improved monomer retention can be attained by using low duty 
cycle pulsed electrical discharges. 
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2 : EXPERIMENTAL METHODS 

2.1 Introduction 

In the present chapter, the experimental set-up that has been employed for 

this project, is described in detail. The set-up consists of a vacuum vessel with 

a plasma apparatus used for the generation of polymerising plasmas, coupled 

to an electrostatic quadrupole mass spectrometer for the purpose of in situ 

diagnostic studies. 

2.2 Plasma Apparatus 

The plasma apparatus is a cylindrical glass reactor (volume 2943 cm3) pumped 

down to a base pressure of 8 ×10-3 mbar (Scheme 2.1). This is attained by 

evacuating  the glass chamber via the main vacuum line, which comprises a 

turbomolecular drag pump (model TPD 022, Pfeiffer Vacuum Technology AG) 

backed by a diaphragm pump (model N813.4 ANE, KNF Neuberger GmbH). 

A liquid nitrogen cold trap is fitted in between the main vacuum line and the 

glass reactor to prevent any pump contamination. For rough vacuum 

operations, the vessel can be pumped down through an additional vacuum line 

using a second diaphragm pump. All pressure values across the different 

sections of the apparatus are monitored with a system of thermocouple 

pressure gauges (model ATC-E, Edwards Ltd ), additionally each section can 

be isolated using a sequence of shut-off valves, to facilitate ordinary 

maintenance of the equipment (Scheme 2.1). The glass reactor is fitted with 

an inlet valve system which is used to feed the plasma chamber with the 

desired precursor, pressure and flow rate are monitored using a thermocouple 

gauge pressure and meter valve (fine control needle valve model 145–217–

4P4PC, Meggitt Avionics Ltd.). A copper coil (7 mm diameter, 4 turns, 

spanning 10.5 cm) is wrapped around the glass chamber and connected to a 

13.56 MHz radio frequency (RF) power supply (model RFG 600SE, Coaxial 

Power Systems Ltd.) in conjunction with a LC circuit matching unit (to minimise 

reflected power).  A pulse signal generator (model TG503 5 MHz pulse, 

Thurlby Thandar Instruments Ltd.) was used to trigger the RF power supply 

and monitored using an oscilloscope (model OX 530 20 MHz, Metrix Ltd.). 
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2.3 Electrostatic Quadrupole Probe: EQP 

The instrument used in this work for plasma diagnostic studies, is an 

electrostatic quadrupole probe (EQP) mass spectrometer (model HAL EQP 

2500 manufactured by Hiden Analytical Ltd.), shown in Figure 2.1. The EQP 

is essentially a 45° sector field ion energy analyser coupled to a triple 

quadrupole mass filter which is capable of acquiring energy- and mass-

resolved spectra, allowing analysis of positive and negative ions from an 

external ionising source (plasma), or neutrals which are ionised by an internal 

ion source.1,2 The ions that make it through the energy and mass filters, are 

subsequently channelled into a secondary electron multiplier (SEM) detector 

for data collection. The probe head is immersed in the plasma, protruding 25 

cm inside the glass chamber (Figure 2.1) so that ionised gaseous species 

(plasma ions) and neutrals can be sampled directly from the electrical 

discharge through a pin-hole sized orifice (50 or 200 µm in diameter), located 

at the end of it.  The EQP has a mass range of 0.4 to 2500 amu and energy 

range of 1–100 eV. To do so, a set of electrodes throughout the probe, is 

operated at adjustable high voltages (up to ± 1kV) to optimise ion detection 

sensitivity, EQP electrodes are governed by variable voltage settings that can 

be altered by the user to achieve the desired EQP performances (EQP tuning). 

Plasma diagnostic EQP studies can be carried out utilising two fundamental 

operating modes: RGA mode, which is used as residual gas analysis of 

neutral/radical detection (internal ion source), and SIMS mode, that consists in 

the positive and negative ions extraction straight from the plasma phase 

(plasma ions).3,4 Mass spectrometry measurements entail accurate 

manipulation of charged particle trajectories applying electromagnetic fields, 

hence, gas-particle collisions inside the mass spectrometer must be minimised 

to ensure that ion molecules to be analysed, possess the longest ion mean 

free path achievable. For this reason, the electrostatic quadrupole probe is 

housed in an ultra-high vacuum (UHV) chamber where operating pressures 

are typically below 10-6 mbar. In our case, the EQP analyser is evacuated by 

a turbomolecular pump (model TMU 260, Pfeiffer Vacuum Technology AG) 

backed by a rotary vane pump (model DUO 2.5, Pfeiffer Vacuum Technology 

AG) to give a mass spectrometer base pressure of better than 2 ×10-9 mbar, 
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and operating in the pressure range of 10-8 mbar, during plasma experiments, 

as shown in Figure 2.1.5,6 

 

Figure 2.1: Hiden Analytical electrostatic quadrupole probe (EQP) mass spectrometer 
schematic. Plasma species are sampled from the electrical discharge through the orifice (a), 
filtered by the extractor electrode (b) in the case of plasma ionised species, or ionised via 
electron impact by the internal ion source (c). Ions are subsequently focused and decelerated 
by the ion optics (d) and filtered out according to their energy and mass by the energy analyser 
(e) and quadrupole mass filter (f) respectively. Ions are then collected by the secondary 
electron multiplier (g) and converted into count signals. 
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2.4 Electrodes  

As anticipated in the previous section, the electrostatic quadrupole probe 

(EQP) mass spectrometer is designed for the energy and mass analysis of 

ions and neutrals generated in a plasma, and this involves the transfer of 

charged species through the different elements composing the spectrometer. 

In order to perform these tasks, the EQP has an array of about twenty 

electrodes (or ion electromagnetic lenses), each of which can be adjusted. The 

EQP electrodes, shown in Figure 2.2a, can be grouped into five sections; 

EXTRACTION, SOURCE, SECTOR, QUAD and DETECTOR. 7,8,9 

Hereafter a brief description of each section and the associated electrodes, is 

given:  

 EXTRACTION: extractor and lens1 are the first electrodes that the incident 

plasma ions encounter, consequently these voltage settings can be quite 

critical for plasma operation. The extractor electrode pulls inside the probe 

the ion species originated within the plasma phase while lens1 is used to 

refocus the ion beam into the internal ion source exit aperture. When the 

EQP is being operated in RGA mode, the extractor potential is normally set 

to prevent the ingress of ions from the plasma and ensure that only neutrals 

are analysed. 

 

 SOURCE: emission, electron-energy and cage voltages control the EQP 

electron-impact ionisation source; therefore, these electrodes are only 

operating when the EQP is running in RGA mode. The emission variable 

controls the electron current (20–5000 µA) and electron-energy is used to 

set the kinetic energy of the electrons generated by the filaments (0–150 

eV). Ions are formed by electron impact at a potential energy set by the 

variable cage. If the EQP is fitted with a negative ion RGA  the source-focus 

electrode will also be available. 

 

 SECTOR: axis, lens2, vert, horiz, D.C. quad, plates, energy and transit-

energy are the electrodes associated with the sector field energy filter. 

From the ion source, the ions are accelerated into the drift space, which 

they transit with an energy set by axis electrode (also known as drift space 
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potential). Axis is also responsible for the energy at which ions transit the 

energy filter. The potential on lens2 matches the ion source to the energy 

filter allowing efficient ion transfer. Vert and horiz are beam alignment 

controls, D.C. quad is used to correct for beam astigmatism, (vert, horiz 

and D.C. quad electrodes are often referred to as the quadrupole lens). The 

plates, energy and transit-energy electrodes govern the voltages at the 

energy filter. 

 

 QUAD: focus2, resolution, delta-m, and transit energy constitute the 

quadrupole section. Resolution and delta-m allow to control the high mass 

and low mass resolving powers, respectively. The focus2 operates at 

approximately -250 V (for positive ion analysis) and is used to match the 

energy filter to the quadrupole mass filter. This electrode requires no further 

tuning once it has been set by the manufacturer.  

 

 DETECTOR: 1st-dynode, multiplier and discriminator are the variables 

associated with the secondary electron multiplier (SEM) detector. The 1-st 

dynode voltage is usually operated at its maximum of -1200 V for positive 

ions or +800 V for negative ions. The multiplier is the voltage across the 

electron multiplier and should be set to operate just on the plateau region 

for all modes. The discriminator sets a threshold level at which an ion event 

is counted. 

In order to achieve maximum performance from the EQP, altering the 

electrodes voltages is often required, this operation is known as tuning. EQP 

tuning is primarily governed by the application and usually performed by the 

user in a number of cases, such as: use of different plasma parameters or 

plasma precursors; change of the ion/neutral mass under investigation; looking 

at several ions with different mass and energy and after major maintenance 

operations or alterations made to the plasma system. 
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2.5 Main Components 

2.5.1 Internal Ion Source 

Mass spectrometry requires ionisation of chemical species, for this reason, 

neutral species sampled by the probe orifice need to carry a charge in order 

for the EQP to perform mass analysis on RGA mode. Neutrals diffusing into 

the ion source are  subjected to electron bombardment, this leads to ion 

generation.10,11  

This phenomenon is known as electron-impact (EI) ionisation, eq. (2.1):  

M +  eି  →  Mା  +  2eି (2.1) 

The EQP internal ion source relies on a dual-filament system. The filaments 

are coated with iridium oxide and can be used in conjunction or one at the 

time.12 For RGA mode (which consists in the analysis of radicals or neutrals), 

one (or both) filament are energised. The current-heated filament gives off 

electrons generated by thermionic emission (with a specific kinetic energy set 

by the electron-energy variable). The latter are accelerated through a potential 

(applied across the filament and the cage) and collide with gaseous molecule 

to form ions at the potential energy set by the cage variable, as illustrated in 

Figure 2.3. Filament current is controlled by the electron emission current. The 

resulting ions are then focussed and transferred by electromagnetic lenses to 

the following section of the EQP.13 

 
Figure 2.3: Ion Source. 
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2.5.2 Energy Filter 

 

Figure 2.4: EQP sector field electrostatic energy analyser. 

The EQP is fitted with an electrostatic sector field energy analyser (ESA) for 

ion energy analysis placed right before the quadrupole mass filter. The energy 

analyser consists in two parallel electrodes with a 45° curvature, which are 

capable of filtering ions out according to their energy, Figure 2.4. Charged 

particles are sampled from the plasma and accelerated through the energy 

filter where the kinetic energy of the ions (Eion) can be measured balancing the 

centripetal force (generated by the potential between the electrodes) with the 

centrifugal force (E0=2Eion/zere).1,9 The sector field energy analyser on the 

EQP has an energy range of 0 – 100 eV and energy resolution of 0.1 eV.3 
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2.5.3 Mass Filter 

The EQP triple section quadrupole mass filter is responsible for the ion 

separation according to their mass-to-charge (m/z) ratio, this is achieved by 

using the stability of the ion trajectories in an oscillating electric field.10,14 

 The quadrupole itself consists in four molybdenum parallel rods, Figure 

2.5a. A combination of AC (oscillating in the RF region) and DC (static) 

voltages is applied to the quadrupole; one opposing rod pair receives a positive 

potential, on the other one the same potential with negative sign is applied, as 

per Figure 2.5b. The quadrupole generates an electric field composed by an 

oscillating field (Vcos(ωt)) superimposed to a static one (U), equations (2.2) 

and (2.3)  represent the two potentials with opposite sign applied to the 

quadrupole elements: 

Ф଴ = +[U + V𝑐𝑜𝑠(ωt)] (2.2) 
 

−Ф଴ = −[U + Vcos(ωt)] (2.3) 

where, Ф0 is the potential applied to the rods, ω the angular frequency 

(expressed in radians per second=2πν, v is the frequency of the RF field), V is 

the amplitude of the AC voltage and U is the direct potential (U will vary from 

0.5 to 2 kV and V from 0 to 3 kV). The charged species travelling along the z 

axis (ions entering the filter) move following trajectories modulated by the 

varying quadrupole electric field, by exploiting this principle the AC/DC ratio 

can be adjusted in such way that only ions with the desired m/z ratio possess 

stable trajectories (limited oscillations) and make it through the quadrupole. All 

other ions will be deflected and collide on the quadrupole rods, losing their 

charge. This is because the amplitude of their oscillations exceeds r0, making 

the ion trajectories unstable along the x and y axis (Figure 2.5b).  
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Figure 2.5: Quadrupole cylindrical elements (a), Quadrupole mass filter cross-section with 
electrical wiring and applied potentials (b). 
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The physics behind the ion trajectories inside the quadrupole, can be 

described using the equations of motion along x-axis (2.4) and y-axis (2.5) as 

a function of the potential Ф, the ion mass and the force induced by the electric 

field: 

𝐹௫ = 𝑚
𝑑ଶ𝑥

𝑑𝑡ଶ
= −𝑧𝑒

𝜕ଶФ

𝜕𝑥
(2.4) 

𝐹௬ = 𝑚
𝑑ଶ𝑦

𝑑𝑡ଶ
= −𝑧𝑒

𝜕ଶФ

𝜕𝑦
(2.5) 

Combining the potential equations (2.2)  and (2.3)  with the equations of 

motions (2.4)  and (2.5) , the ion motion equations can be rewritten in the 

following differential form, known as Paul equations: 

𝑑ଶ𝑥

𝑑𝑡ଶ
+

2𝑧𝑒

𝑚𝑟଴
ଶ ൫𝑈 − 𝑉𝑐𝑜𝑠(𝜔𝑡)൯𝑥 = 0 (2.6) 

𝑑ଶ𝑦

𝑑𝑡ଶ
+

2𝑧𝑒

𝑚𝑟଴
ଶ ൫𝑈 − 𝑉𝑐𝑜𝑠(𝜔𝑡)൯𝑦 = 0 (2.7) 

As long as x and y values do not reach the critical radius r0, the ion trajectories 

inside the quadrupole are stable, hence the charged particles will not come 

into contact with the rods. In order to better evaluate the ion stability inside the 

quadrupolar electric field, the Mathieu differential equation (2.8) should be 

used in combination with Paul equations (2.6) and (2.7): 

𝑑ଶ𝑢

𝑑𝜉ଶ
+ ൫𝑎௨ − 𝑞௨𝑐𝑜𝑠(2𝜉)൯𝑢 = 0 (2.8) 

Where u is the ion position along the coordinate axes (x or y), and ξ is defined 

as ωt/2. Replacing t2 by ξ2 and changing the variables, Paul equations can be 

rearranged in the form:   

𝑎௨ = 𝑎௫ = −𝑎௬ =
8𝑧𝑒𝑈

𝑚𝜔ଶ𝑟଴
ଶ    𝑜𝑟    𝑈 = 𝑎௨

𝑚

𝑧

𝜔ଶ𝑟଴
ଶ

8𝑒
 (2.9) 

𝑞௨ = 𝑞௫ = −𝑞௬ =
4𝑧𝑒𝑉

𝑚𝜔ଶ𝑟଴
ଶ    𝑜𝑟    𝑉 = 𝑞௨

𝑚

𝑧

𝜔ଶ𝑟଴
ଶ

4𝑒
(2.10) 
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(it should be noted that in any quadrupole filter, r0 is fixed, the RF frequency 

(ω=2πv) is maintained constant, the only variables are U and V).15 

The variables au and qu in the equations (2.9) and (2.10) are crucial, as they 

can be used to represent the stability areas as shown in Figure 2.6.  

 

Figure 2.6: Stability areas for an ion along x and y. The four stability areas are circled and 
labelled as (a), (b), (c) and (d). The area labelled as (a), illustrated in the enlarged plot, is the 
one commonly used in mass spectrometers. The positive DC potential is represented by the 
grey area. 

In the stability areas (a), (b), (c) and (d) the values of U and V are such that 

coordinates x and y never reach the critical radius r0, consequently the passing 

ion do not touch the quadrupole electrodes. In fact, these operating regions on 

the plot identify where the ions will have stable trajectories. The area labelled 

as (a) is the stability region used in quadrupole mass spectrometry, and the 

grey triangular area in Figure 2.6 (bottom right) represent the positive static 

potential U. 
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Figure 2.7: Stability areas as a function of U and V for ions with different masses (with M1 <M2 
<M3). 

Changing U linearly as a function of V, we obtain a straight operating line that 

allows us to observe those ions successively, Figure 2.7. A line with a higher 

slope would give us a higher resolution, so long as it goes through the stability 

areas. Keeping U=0 (no direct potential) we obtain zero resolution. All of the 

ions have a stable trajectory so long as V is within the limits of their stability 

area. 
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2.5.4 Detector 

 

Figure 2.8: Secondary electron multiplier (SEM) ion detector. 

The ions that make it through the mass filter are collected by the secondary 

electron multiplier (SEM) ion detector. The secondary electron multiplier is a 

continuous dynode which relies on the electron cascade effect generated by 

ions striking the surface of the electrode (secondary electron emission). The 

ion signal is then amplified and recorded by the instrument (Figure 2.8).1,3,6 

The secondary electron multiplier (SEM) is usually operated at -1200 V for 

positive ion or +800 V for negative ion modes. 
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2.6 Time-resolved Measurements 

For time-resolved pulsed plasma measurements, signal gating of the mass 

spectrometer detector allowed for any specified time window (ton or toff) to be 

monitored, Figure 2.9. This was achieved by using an additional pulse signal 

generator (model TGP110 10 MHz, Thurlby Thandar Instruments Ltd.) 

connected to the mass spectrometer interface unit (MSIU) through a transistor-

transistor logic (TTL) acquisition input. One pulse signal generator was 

employed to trigger both the plasma duty cycle ignition and the other pulse 

signal generator, where the latter was set to trigger the mass spectrometer ion 

counting detector during the whole duty cycle or either the ton or toff  time 

windows. 7,16,17,18,19  

 

Figure 2.9: Time-resolved pulsed plasma gating measurements (ton = 30 µs, toff = 10 ms). 

 For the time-resolved mode of analyser operation, the time taken for 

ions to transit the probe and reach the mass spectrometer detector is defined 

as the transit time (τtransit). This parameter is dependent on the ion mass (m), 

the path length of the ion transit (s), and the electrical potential across the 

region (V) which gives τtransit as proportional to  𝑠 ඥ𝑚 2𝑒𝑉⁄ .20,21,22,23  
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As indicated by the manufacturer, the overall transit time is calculated as the 

sum of the partial transit times for each region of the probe, namely the 

extractor, energy analyser, mass filter, and detector.24,25,26 

The mass spectrometer required a transit time of 300 µs in order to probe up 

to a mass of 450 m/z. Therefore, the detector signal gating window was chosen 

to be the summation of the on-time and the transit time (ton + τtransit) for on-time 

measurements whilst for off-time scans this window was shifted to begin 

detecting 300 µs after the ton and allowed to continue detection until the end of 

the cycle, as shown in Figure 2.9.27  
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3 : PLASMA PRECURSORS CONTAINING DOUBLE 

BONDS 

3.1 Introduction 

Conventional addition polymerisation is the process of repeated addition of 

monomer units that possess double bonds, to form polymers. However, the 

presence of double bonds may not always be a sufficient condition to obtain a 

polymer. This may be due to various factors, such as monomer reactivity, 

operating conditions, solvent, process temperature and initiators.1  

 Operating in plasma conditions introduces a further challenge, as these 

processes rely on a complex set of chemical reactions that are difficult to 

understand on a molecular level. Unsaturated hydrocarbons, such as α-olefins 

and allyl compounds are known to give organic deposits when their vapour 

precursors are exposed to a plasma environment, and several studies can be 

found in the literature where the obtained plasma polymer thin films are 

extensively characterised.2,3,4,5,6 However, the actual repeated addition of 

monomer units (oligomerisation leading to polymer formation) is rarely 

observed within the plasma phase.       

 For the set of experiments reported in this chapter, we have chosen two 

plasma precursors namely, 1-decene and allyl glycidyl ether (AGE), illustrated 

in Structure 1. These functional monomers undergoing pulsed plasma 

conditions were investigated, by in situ mass spectrometry, in the attempt to 

elucidate the plasma phase chemistry and observe the polymer formation by 

sequential monomer addition occurring in the ionised gas.  

 

Structure 1: 1-decene (a) and allyl glycidyl ether (b) monomer structures 
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3.2 Experimental 

In situ mass spectrometry experimental set-up is described in details in 

paragraph 2.2 and 2.3 (Chapter 2). Prior to each experiment, the chamber was 

cleaned with a 50 W oxygen plasma (0.2 mbar pressure). All monomers, 1-

decene precursor (+95%, Sigma Aldrich Co.) and allyl glycidyl ether (AGE 

+97%, Sigma Aldrich Co.) were loaded in a monomer tube and purified using 

several freeze-pump-thaw cycles prior to use. For all experiments, the 

cylindrical glass reactor was purged with the monomer for 20 min at a pressure 

of 0.1 mbar using a fine control needle valve and pressure was monitored 

using a thermocouple gauge. For pulsed plasmas, an on-period (ton) of 30 µs 

and an off-period (toff) of 10 ms were used in conjunction with 15 W of 

continuous wave power input during the on-period (Pon).7,8 A 200 µm orifice 

was used. The electron impact ionisation source of the mass spectrometer 

was operated at low energy (20 eV) for the detection of neutral and radical 

plasma species whilst avoiding excessive fragmentation. Also ionised 

gaseous species (plasma ions) were sampled directly from the electrical 

discharge through the 200 µm end cap orifice.  

For time-resolved measurements and detector gating operations, the transit 

time was calculated using the procedure described in section 2.6 (Chapter 2). 
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3.3 Results 

In the present section, experimental results for 1-decene and allyl glycidyl 

ether (AGE) gas precursors and pulsed plasmas mass spectrometry 

measurements are reported. For all experiments, the mass spectrometer was 

tuned on different masses to ensure consistency with the results. 

3.3.1 1-Decene Electron-Impact Mass Spectrometry 

 
Figure 3.1: 20 eV electron-impact ionisation mass spectrum of 1-decene monomer, (0.1 
mbar). Mass spectrometer tuning on 54 m/z. 

The electron-impact ionisation of 1-decene vapour monomer was carried out 

at 20 eV, Figure 3.1. The molecular ion ([M]+) is present at 140 m/z and the 

fragment distribution is characterised by ions of the general formula CnH2n-1. 

This is usually observed in electron-impact mass spectrometry of mono-olefins 

and is found to be in good accordance with the NIST reference electron-impact 

mass spectrum.21,22  The base peak at 56 m/z arises from two main 

fragmentation pathways:  (1) the cleavage of the C4–C5 bond with the addition 

of a proton and (2) the C6–C7 bond cleavage with the loss of a proton. 
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The 1-decene fragment series is shown in, Figure 3.2. 

 

 

Figure 3.2: 1-decene 20 eV electron impact mass spectroscopy fragmentation pattern. 
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3.3.2 1-Decene Plasma Ions 

 

Figure 3.3: Time-averaged positive plasma ion mass spectrum of 1-decene pulsed plasma (ton 

= 30 µs, toff = 10 ms, Pon = 15 W, and 0.1 mbar). Mass spectrometer tuning on 57 m/z mass 
signal. 

The ion mass population observed for time-averaged positive plasma 

spectrometry (Figure 3.3) mirrors the experimental results obtained for 

electron-impact mass spectrometry of the precursor vapours. Plasma ion high 

mass signals are often more intense relatively to the base peak, when 

compared to the mass signal population observed in Figure 3.1. This outcome 

can be explained by the soft plasma ionisation the monomer precursors 

undergo when exposed solely to the plasma electron bombardment; the direct 

consequence is a greater amount of monomer precursor units ([M]+ = 140 m/z) 

being left intact. Additionally, weak signals are observed above the molecular 

ion peak, indicating high mass molecular species formation due to partial 

monomer addition, while no dimer species were detected.  
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Figure 3.4: Time-resolved positive plasma ion mass spectra of 1-decene pulsed plasma (ton = 
30 µs, toff = 10 ms, Pon = 15 W, and 0.1 mbar). 

Time-resolved positive plasma ion measurements established the existence 

of two plasma regimes (ton and toff windows) characterised by distinct ion 

populations. During the electrical discharge (ton), high ion counts for low mass 

ion fragments were recorded, which is explained by the elevated degree of 
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fragmentation due to high energy ion bombardment and electron collisions 

(Figure 3.4a). The off-period features a relatively less intense set of positive 

ion signals within the low mass region (0–100 m/z), with the base peak 

corresponding to the molecular ion signal [M]+ at 140 m/z. This is due to the 

low fragmentation environment within the extended off-period, leading to the 

generation of higher mass plasma ion species. In addition, low signals are 

observed for masses above the molecular ion, indicating the formation of 

partially polymerised high mass positive ion fragments, however no oligomer 

fragments are observed (Figure 3.4b).  

3.3.3 1-Decene Plasma Radicals 

 

Figure 3.5: Time-averaged electron-impact ionisation mass spectrum of 1-decene pulsed 
plasma (ton = 30 µs, toff = 10 ms, Pon = 15 W, and 0.1 mbar).  

Electron-impact ionisation mass spectroscopy operated in time-averaged 

mode exhibited high fragmentation of 1-decene monomer precursor species 

within the pulsed plasma phase. The combination of the plasma discharge 

ionisation together with the 20 eV electron-impact ionisation, produces an 

elevated degree of fragmentation observed in Figure 3.5, a further 

confirmation is the presence of intense mass signals in the lower mass region 
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of the spectrum (0–60 m/z). It is also noticeable that, the molecular ion signal 

is weak compared to the overall mass signal intensities. 

 

Figure 3.6: Time-resolved electron-impact ionisation mass spectra of 1-decene pulsed 
plasmas (with ton = 30 µs, toff = 10 ms, Pon = 15 W, and 0.1 mbar).  

For time-resolved analysis, electron-impact ionisation mass spectrometry 

shows some minor differences between the two time periods. The signal 
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intensities for masses between 40 m/z and 100 m/z (off-time period, Figure 

3.6b) are more prominent compared to those recorded during the pulsed 

plasma discharge in the on-time period, Figure 3.6a, where a greater degree 

of monomer fragmentation occurs. This can be attributed to the combined 

effect of the mass spectrometer electron-impact ionisation source and plasma 

electron bombardment. Moreover, for both plasma periods (ton and toff), the 

molecular parent ion signal appears to be very weak, additionally no mass 

signals above the molecular ion peak were detected, due to excessive 

combined fragmentation.  
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3.3.4 Allyl Glycidyl Ether Electron-Impact Mass Spectrometry 

 

Figure 3.7: 20 eV electron-impact ionisation mass spectrum of AGE monomer, (0.1 mbar). 
Mass spectrometer tuning on 57 m/z. 

 

 

Figure 3.8: Allyl glycidyl ether precursor fragmentation pattern. 
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The electron-impact ionisation of allyl glycidyl ether (AGE) vapour monomer 

was carried out at 20 eV (soft ionisation regime), to avoid excessive 

fragmentation, Figure 3.7. The base peak is found at 57 m/z and originates 

from the bond cleavage between the ether oxygen and the glycidyl group, 

Figure 3.8 which gives rise to two different fragments with equal molecular 

mass. The other main fragments observed such as mass 41 and 43 m/z 

correspond to the epoxide ring and the allyl group, as reported in Figure 

3.8.5,23,24 

3.3.5 Allyl Glycidyl Ether Plasma Ions 

 
Figure 3.9: Time-averaged positive plasma ion mass spectrum of allyl glycidyl ether pulsed 
plasma (ton = 30 µs, toff = 10 ms, Pon = 15 W, and 0.1 mbar). Mass spectrometer tuning on 57 
m/z mass signal.  

In time-averaged positive ion spectrometry Figure 3.9, the ion mass population 

observed for AGE pulsed plasma, shows a greater number of mass signals 

compared to the precursor electron-impact ionisation spectrum (as per Figure 

3.7). Particular attention should be paid to signals 71 and 73 m/z signals, 

resulting from the heterogeneous cleavage and loss of the epoxide ring (43 

m/z) and allyl group (41 m/z) respectively. The molecular parent ion is also 

visible at 114 m/z. This additional mass signals are not observed in the 20 eV 

electron-impact ionisation spectrum, given the lower fragmentation degree.  
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Figure 3.10: Time-resolved positive plasma ion mass spectra of allyl glycidyl ether pulsed 
plasma (ton = 30 µs, toff = 10 ms, Pon = 15 W, and 0.1 mbar). Mass spectrometer tuning on 57 
m/z mass signal. 

Two different plasma environments (ton and toff windows) were observed during 

in situ time-resolved positive plasma ion mass spectrometry. During the 

electrical discharge (ton), the mass spectrum recorded (Figure 3.10a) is 

remarkably similar to the analogous time-averaged mass scan (Figure 3.9), 
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with high intensity mass signals (~10-4 counts s-1 range) mainly found in the 

lower range of the mass spectrum (18–114 m/z). As previously mentioned, this 

is due to the elevated degree of fragmentation together with the high energy 

ion and electron collisions occurring during the plasma on-period (ton). 

Conversely, throughout the off-period a greater number of low intensity (~10-3 

counts s-1 range) large mass fragment signals (mass peaks above the 

molecular ion) are observed. The protonated molecular ion ([M+H]+) is present 

at 115 m/z, as well as the protonated dimer signal ([2M+H]+) visible at 229 m/z, 

which is a clear indication of gas phase plasma polymerisation occurring in the 

off-period, as shown in Figure 3.10b. Other relevant fragments are 97 and 211 

m/z which originates from the subtraction of an [OH]+ group from the monomer 

precursor and the monomer dimer respectively ([M-OH]+ and [2M-OH]+).  

3.3.6 Allyl Glycidyl Ether Plasma Radicals 

  
Figure 3.11: Time-averaged electron-impact ionisation mass spectrum of allyl glycidyl ether 
pulsed plasma (ton = 30 µs, toff = 10 ms, Pon = 15 W, and 0.1 mbar). Mass spectrometer tuning 
on 57 m/z mass signal. 

Time-averaged electron-impact ionisation mass spectroscopy revealed very 

high fragmentation of the monomer precursor species within the pulsed 

plasma phase, Figure 3.11. The mass scan is characterised relatively low 

mass signals (up to 57 m/z) of very high intensity (~10-4 counts s-1 range), this 
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can be explained (as observed before) by the combination of the plasma 

discharge and the electron-impact ionisation giving rise to a large number of 

ionised particles with low mass. The main mass fragments observed are (26, 

29, 41, 57 m/z) with no molecular ion signal presence. 

 

Figure 3.12: Time-resolved electron-impact ionisation mass spectra of allyl glycidyl ether 
pulsed plasmas (with ton = 30 µs, toff = 10 ms, Pon = 15 W, and 0.1 mbar). Mass spectrometer 
tuning on 57 m/z mass signal. 
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In the case of time-resolved electron-impact ionisation mass spectroscopy, no 

major differences are observed between the on-time (Figure 3.12a) and off-

time (Figure 3.12b) period. Both spectra show very intense signals mainly 

present in the low mass range. As observed in average-mode (Figure 3.11) 

the main mass fragments observed are (26, 29, 41, 57 m/z) with no molecular 

ion signal presence, due to an elevated fragmentation degree. 

3.4 Discussion 

3.4.1 1-Decene 

Positive plasma ions and radicals generated by 1-decene pulsed plasmas 

were investigated by in situ mass spectrometry. Experimental studies carried 

out in time-averaged mode, showed the characteristic fragmentation pattern 

of mono-olefins generated by plasma electron collisions occurring on different 

bonds along the carbon chain and strong signal corresponding to the 

molecular ion at 140 m/z. The same mass pattern can be observed during 

time-resolved operations, however, there are major differences between the 

two plasma periods; during on-time analysis (Figure 3.4a), the overall degree 

of fragmentation appears to be higher compared to the off-time plasma window 

where a greater concentration of intact precursor is present, with limited 

fragmentation occurring (Figure 3.4b). When 1-decene pulsed plasmas where 

studied by average and time-resolved electron impact mass spectrometry a 

similar trend was observed for plasma radicals, although, signal intensity at 

higher masses was lower compared to that of plasma ions and despite the 

presence of a double bond no oligomer formation is observed in the gas 

phase. 

3.4.2 Allyl Glycidyl Ether 

While average mode detection of allyl glycidyl ether (AGE) plasma ions did not 

show any oligomer formation (Figure 3.10), time-resolved analysis for plasma 

ions exhibited several key differences between on-time and off-time plasma 

periods. Allyl glycidyl ether monomer precursors undergo a high degree of 

fragmentation during the 30 µs-long plasma pulse ignition, with very intense 

ion counts recorded for low mass signals, Figure 3.11a. This is not observed 

during the subsequent plasma phase (10 ms – off-time period), where larger 
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fragments (i.e. dimers) are generated by addition polymerisation propagating 

via protonated intermediate species, such as [M+H] and [2M+H], as shown in 

Figure 3.11b. However, this signals appear to be relatively weak. The 

presence of low mass radicals indicates high levels of monomer precursor 

fragmentation (Figure 3.11 and Figure 3.12 a and b), additionally, no radical 

oligomer species were observed in average and time-resolved operating 

modes. 

3.5 Conclusion 

The experimental results obtained from mass spectrometry measurements of 

1-decene and allyl glycidyl ether, have shown poor evidence of plasma phase 

polymerisation. For 1-decene pulsed plasmas, mass spectrometry analysis 

recorded total absence of large fragment formation (i.e. dimers and trimers) 

for both ionic and radical species.  When allyl glycidyl ether was exposed to 

pulsed plasma discharges, weak mass signals corresponding to protonated 

dimers were recorded for ion species in the off-time window (plasma phase 

polymerisation via monomer unit addition) but no polymerisation was observed 

for radical species. Such results are consistent with step growth polymerisation 

predominantly occurring directly at the surface with little intermolecular 

propagation occurring in the gas phase. Further work is required to 

unambiguously establish whether this is the only mechanism in operation as 

previous reports have shown these monomers are capable of deposition of 

organic films via polymerisation, when exposed to plasma environments. 
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4 : MECHANISTIC REACTION PATHWAY FOR 

HEXAFLUOROPROPYLENE  OXIDE PULSED 

PLASMAS 

4.1 Introduction 

Hexafluoropropylene oxide (HFPO) is a stable fluorine-containing cyclic 

molecule.1,2  Thermal or pulsed plasma excitation of HFPO is employed for the 

deposition of PTFE-like ([-CF2-]n) thin films for a variety of technological 

applications; these include liquid repellency, low dielectric constant electronic 

materials, encapsulation barrier layers, and biologically-implantable 

devices.3,4,5           

 The HFPO pyrolysis mechanism is understood to proceed via the 

formation of either fluoro(trifluoromethyl) carbene (II) and carbonyl difluoride 

(III), or difluorocarbene (VI) and trifluoroacetyl fluoride (VII) species, Scheme 

4.1.6,7,8,9,10,11  Under these conditions, it is the polymerisation of 

difluorocarbene (:CF2) radicals which is postulated to give rise to the growth 

of PTFE-like films.12,13,14,15  In the case of pulsed plasma excitation of HFPO 

gas, such intermediate difluorocarbene specie, have been detected by time-

resolved ultraviolet absorption spectroscopy within the duty cycle on-period 

(ton); followed by recombination processes predominating during each 

subsequent off-period (toff).13 However, the direct growth of perfluorocarbon 

chains within the electrical discharge has not previously been validated.  

Rather, X-ray photoelectron spectroscopy (XPS) and infrared analysis of the 

pulsed plasma deposited films have shown an enhancement in –CF2– group 

content with decreasing pulsed plasma duty cycle (i.e. greater structural 

retention to form PTFE-like films).4, 16  In this article, the pulsed plasma 

polymerisation mechanism for HFPO precursor is investigated by time-

resolved in situ mass spectrometry, with a particular emphasis on the role 

played by difluorocarbene species during the growth of PTFE-like 

perfluoroalkyl chains ([-CF2-]n). 
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Scheme 4.1: Mechanistic reaction pathways for the fragmentation of hexafluoropropylene 
oxide (HFPO) and subsequent difluorocarbene polymerisation.  The initial fragmentation steps 
(Route A and Route B) are analogous to reported HFPO thermal decomposition 
mechanisms.6,8,9   

 

4.2 Experimental 

In situ mass spectrometry analysis was undertaken during pulsed 

plasma polymerisation inside a cylindrical glass reactor see section paragraph 

2.2 and 2.3 (Chapter 2). For pulsed plasmas, a fixed 500 ms off-period (toff) 

and variable on-periods (ton) of 10, 5 and 2 ms (corresponding to duty cycles 

of 2, 1 and 0.4 % approximately) were employed in conjunction with 50 W 

power input during the on-period (Pon). Plasma gaseous species (ions and 

neutrals) were sampled directly from the electrical discharge through the 200 

µm end cap orifice. Mass spectra scans sampled the whole duty cycle, or 

either the ton or toff (afterglow) time frames, and were averaged over multiple 

pulse cycles to improve signal-to-noise (typically 2 min total scan time for 0–

400 m/z range). Prior to each experiment, the chamber was cleaned with a 50 

W oxygen plasma (0.2 mbar pressure) and then purged with 
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hexafluoropropylene oxide gas precursor (HFPO, +98%, Aldrich Chemical 

Company Inc.) at a pressure of 0.2 mbar via a fine control needle valve (model 

145–217–4P4PC, Meggitt Avionics Ltd.) for 20 min, prior to electrical 

discharge ignition.  

A range of standard perfluorocarbon molecules were also analysed in 

the gas phase (no plasma) using the same instrument in order to provide 

reference electron-impact ionisation mass fragmentation patterns and cross-

checked against the American NIST database.17,18 These included perfluoro-

n-pentane (+99%, Fluorochem Ltd.) and perfluoro(methylcyclohexane) 

(+90%, Fluorochem Ltd.). 

 

4.3 Results  

4.3.1 Time-Averaged Mode Detection of Plasma Species 

The parent fragment ion (molecular mass of HFPO = 166 amu), was absent 

during mass spectrometric analysis of the precursor molecule (ton = 0 ms, i.e. 

no plasma), with CO+ (28 m/z), CF+ (31 m/z), and CF3+ (69 m/z) being the 

predominant peaks, Figure 4.1. 21   Plasma ignition leads to an order of 

magnitude increase in concentration of neutral species together with the 

appearance of ionic fragments. In time-averaged mass spectrometry detection 

mode, the relative concentration of neutral species is several orders of 

magnitude greater than positive ions, and was found to rise dramatically as 

the ton period was shortened. Conversely, the number of positive plasma ions 

detected increased for longer ton values, Figure 4.1.  The most intense peaks 

for electron-impact of neutral plasma species were CO+ (28 m/z), and CF3+ (69 

m/z); whilst the most intense peak for positive plasma ions was CF3+ (69 m/z).  

At longer ton values, the mass spectra approached those observed for 

continuous wave (non-pulsed) HFPO plasmas. 22  Whilst for decreasing ton 

values, the electron-impact of neutral plasma species CO+ (28 m/z) : CF3+ (69 

m/z) ratio approaches that observed for the HFPO precursor molecule (ton = 0 

ms). 
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Neutrals Positive Plasma Ions 

 

 

 

(Not Applicable) 

  

  

  

Figure 4.1. Time-averaged positive-mode mass spectra for electron-impact of neutral plasma 
species and positive plasma ions as a function of duty cycle for HFPO pulsed plasma (toff = 
500 ms, Pon = 50 W, and 0.2 mbar).   
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In the absence of electron-impact/attachment ionisation, no negative ion 

species (including F– ions) were detected.  Whilst for electron-attachment 

negative-mode mass spectrometry detection of plasma species, only fluorine 

atoms (19 m/z) were measured in all time-frames (time-averaged, resolved 

on-period and resolved off- period), Figure 4.2. 

 

Figure 4.2. Typical time-averaged electron attachment negative-mode mass spectrum of 
HFPO pulsed plasma (ton = 2 ms, toff = 500 ms, Pon = 50 W, and 0.2 mbar). 
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4.3.2 Time-Resolved Electron-Impact Ionisation Positive-Mode Mass 

Spectrometry of Neutral Plasma Species 

In the case of reference mass spectra taken for standard linear CnFn+2 

perfluoroalkane molecules, the CF2+ / CF3+ ion signal ratio remains fairly 

constant for n>3.  This CF2+ / CF3+ ion ratio was also found to be steady for 

the analysis of HFPO pulsed plasma neutral species, which therefore supports 

the growth of linear CnFn+2 perfluoroalkyl chains (species (XII) in Scheme 4.1), 

Figure 4.3. Other evidence for the formation of neutral linear chain 

perfluorocarbon species included the detection of mass spectrometric 

electron-impact ionisation mass fragments: (C2F4+ (100 m/z), C2F5+ (119 m/z), 

C3F6+ (150 m/z), C3F7+ (169 m/z), C4F7+ (181 m/z), C4F9+ (219 m/z) and C5F11+ 

(269 m/z)), Figure 4.3. The signal intensity of these perfluoroalkyl chain 

fragments was found to increase by an order of magnitude (in both the ton and 

toff windows) with decreasing ton period, which supports there being less 

plasma-induced fragmentation of growing polymer chains for shorter ton 

values.23  On the other hand, electrical discharge generated fragments arising 

from HFPO decomposition by-products become relatively more predominant 

at longer ton values; for instance the CO+ (28 m/z) signal is greater compared 

to the CF3+ (69 m/z) intensity at ton = 10 ms and lower for ton = 2 ms.  These 

observations are also consistent with the aforementioned attenuation of 

extended plasma-induced HFPO molecule breakdown at shorter ton periods 

(less CO by-product formation).    
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Figure 4.3. Time-resolved electron-impact ionisation positive-mode mass spectra of HFPO 
pulsed plasma neutral species as a function of duty cycle ton period (toff = 500 ms, Pon = 50 W, 
and 0.2 mbar).  The detector was triggered for the whole duration of ton and toff time windows 
respectively.  CnF2n+1+ fragments are labelled as: C2 = C2F5+ (119 m/z), C3 = C3F7+ (169 m/z),  
C4 = C4F9+ (219 m/z), and C5 = C5F11+ (269 m/z).  ton = 0 ms corresponds to the fragmentation 
pattern of HFPO precursor molecule (absence of plasma ignition).  

ton Window toff Window 

  

  

  

  



   

 69 

The relative signal intensity of neutral species measured during the toff 

window was greater compared to either time-averaged or ton period detection 

modes; which indicates that radical concentrations are highest during the toff 

window (a prerequisite for polymer chain propagation mechanism involving 

either difluorocarbene (VI) or tetrafluoroethylene (V) intermediate species, 

Scheme 1), Figure 4.1 and Figure 4.3. 

4.3.3 Time-Resolved Positive-Mode Mass Spectrometry of Positive Ion 

Plasma Species 

In contrast to 70 eV electron-impact mass spectrometry of the HFPO precursor 

molecule (ton = 0 ms, Figure 4.3), the HFPO parent molecular positive ion (166 

m/z) was detected in the pulsed plasmas suggesting that the HFPO molecule 

undergoes much more gentle ionisation within the electrical discharge due to 

lower energy plasma electron impact collisions24, allowing the formed HFPO 

molecule positive ion to remain intact, Figure 4.4.  Linear CnFn+2 

perfluorocarbon chain positive ion plasma fragments were also detected 

(C2F4+ (100 m/z), C2F5+ (119 m/z), C3F6+ (150 m/z), C3F7+ (169 m/z), C4F7+ 

(181 m/z), C4F8+ (200 m/z), C4F9+ (219 m/z), C5F8+ (231 m/z), C5F11+ (269 

m/z)).  The greater visibility of higher mass range fragments in positive-ion 

detection mode relative to fragments at lower masses is again due to the lower 

energy plasma electron impact ionisation process (compared to the higher 70 

eV energy electron-impact ionisation employed for neutral species detection 

mode, Figure 4.3)24. The relative intensity of these perfluoroalkyl chain positive 

ion fragments rises with decreasing ton period, which supports there being less 

plasma-induced fragmentation/damage of growing polymer chains at shorter 

ton values. Interactions between ions and HFPO is observed with the exchange 

of an F− ion with an O2− ion derived from HFPO giving rise to an intense C3F7+ 

peak, Figure 4.4.25         

 The previously described enhancement of neutral plasma species 

concentration during the toff period at shorter ton values detected in mass 

spectrometry electron-impact ionisation mode (Figure 4.3) is mirrored by a 

corresponding drop in intensity of positive-ion plasma species detected during 

the off-period. Furthermore, the positive-ion signal intensities are an order of 
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magnitude greater during the ton period (electrical discharge) compared to the 

toff period, Figure 4.4.  

 

ton Window toff Window 

  

  

  

Figure 4.4. Time-resolved positive-mode mass spectra of HFPO pulsed plasma positive ions 
species as a function of duty cycle ton period (toff = 500 ms, Pon = 50 W, and 0.2 mbar). For 
each duty cycle, the detector was triggered for the whole duration of ton and toff time windows 
respectively.  CnF2n+1+ fragments are labelled as: C2 = C2F5+ (119 m/z), C3 = C3F7+ (169 m/z), 
C4 = C4F9+ (219 m/z),  and C5 = C5F11+ (269 m/z).   
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4.4 Discussion 

The detection of perfluoroalkyl chain fragments (C2F4+ (100 m/z), C2F5+ (119 

m/z), C3F6+ (150 m/z), C3F7+ (169 m/z), C4F7+ (181 m/z), C4F8+ (200 m/z), C4F9+ 

(219 m/z), C5F8+ (231 m/z), C5F11+ (269 m/z)) is consistent with reaction 

pathway B (Scheme 4.1) along with the formation of trifluoroacetyl fluoride (VII) 

by-product.  The HFPO decomposition difluorocarbene (VI) product species 

(observed by time-resolved ultraviolet absorption spectroscopy13) exists in gas 

phase equilibrium with tetrafluoroethylene (V); where the balance between 

tetrafluoroethylene (CF2=CF2) and difluorocarbene (:CF2) radicals lies towards 

CF2=CF2 (–Log Keq ranges between 4.28–5.33).26,27 A concurrent equilibrium 

with perfluorocyclopropane (IV) species is consistent with the detection of 

C3F6+ (150 m/z) signal, Scheme 4.1, Figure 4.3 and Figure 4.4.8,9 The 

rearrangement of perfluorocyclopropane (IV) to perfluoropropane followed by 

polymerisation can be ruled out due to the lack of expected -CF3 groups 

detected by XPS in the deposited PTFE-like films.4 

On this basis, the proposed mechanism entails HFPO molecules 

undergoing plasma-induced fragmentation during the ton period to form 

difluorocarbene (:CF2) species, and these then readily undergo polymerisation 

via :CF2 or intermediate tetrafluoroethylene (CF2=CF2) species to form growing 

perfluoroalkyl chains ([-CF2-]n), Scheme 4.1.  Shorter ton values (less amount 

of energetic plasma ion-induced fragmentation) lead to the formation of longer 

perfluoroalkyl chains—which correlates to the high levels of -CF2- content 

found in HFPO pulsed plasma deposited PTFE-like films at low duty cycles 

(up to 70% measured by X-ray photoelectron spectroscopy4,14,16).   
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4.5 Conclusions 

Pulsed plasma polymerisation of hexafluoropropylene oxide (HFPO) proceeds 

via electrical discharge initiated decomposition of the precursor molecule to 

yield difluorocarbene (:CF2) radicals during the pulse ton period.  These then 

readily recombine to form tetrafluoroethylene (CF2=CF2) intermediate species, 

which subsequently undergo polymerisation to create perfluoroalkyl PTFE-like 

chains. Shorter pulsed plasma duty cycles (ton) give rise to a greater 

concentration of neutral species (including polymerisable tetrafluoroethylene 

(CF2=CF2) molecules), in conjunction with an attenuation of plasma ion 

concentrations—this leads to the growth of longer perfluoroalkyl PTFE-like 

chains. 
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5 : ULTRA-HIGH SELECTIVITY PULSED 

PLASMACHEMICAL DEPOSITION REACTION 

PATHWAYS 

5.1 Introduction 

High selectivity chemical reaction pathways are of fundamental importance in 

modern chemistry and have in the past been attained via a variety of 

conventional approaches, including catalysis (heterogeneous, homogeneous, 

enzymes), high pressure kinetic methods, mixing techniques, and solvent 

effects.1,2,3,4,5,6,7 Although these have proven to be selective towards the 

formation of specific chemical products, there can be inherent limiting factors. 

For instance, in the case of catalytic processes where metals are often 

employed,  such systems can be expensive and seldom reusable; whilst high 

pressure, mixing, and solvent-based syntheses can be environmentally 

unfriendly as well as involving multiple steps.8,9,10,11   

 Non-equilibrium (low temperature) electrical discharges offer the 

potential for single-step and low cost chemical syntheses. However, the main 

drawback has been poor chemical selectivity. 12   Pulsing such plasmas 

potentially provides means to control the lifetimes of reactive intermediate 

species, and thereby enable control over reaction pathways. In the case of 

pulsed plasma excitation of organic monomers, through a careful selection of 

electrical discharge parameters, it is possible to achieve high levels of 

molecular control for the deposited film composition and its properties.13,14  For 

example, hundreds of millions of smartphones have been protected against 

water damage using such functional nanocoatings.15 By using a variety of 

surface characterisation techniques (including ToF-SIMS, MALDI-MS, XPS, 

FTIR), strong structural similarities have been found with analogous 

conventional wet chemical synthesis step-growth polymers.16,17,18 

 However, the underlying mechanism for the growth of such structurally 

well-defined pulsed plasma functional films is poorly understood.  Previous in 

situ mass spectrometry studies of polymerising plasmas have identified 

oligomer formation, but an absence of ultra-high selectivity reaction 

pathways.19,20,21,22,23,24,25,26 
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Time-resolved in situ mass spectrometry studies of pulsed electrical 

discharges, offer the scope for probing plasmachemical reaction pathways 

during the respective on- and off-time windows (ton and toff).  In this study, 

glycidyl methacrylate precursor () is investigated following earlier reports of the 

pulsed plasma deposition of structurally well-defined poly(glycidyl 

methacrylate) films (as confirmed by XPS and ToF-SIMS).16,27   Furthermore, 

glycidyl methacrylate contains two reactive functionalities (acrylate carbon–

carbon double bond and epoxide group)—the selective plasmachemical 

activation of one of these groups (acrylate) highlights the versatility of pulsed 

plasma deposition as a method for surface functionalisation.  Such epoxide-

functionalized surfaces are sought for technological applications such as, 

chemosensors, biosensors, drug delivery, biomolecule arrays, electroless 

metal deposition, and anti-biofouling surfaces.28,29,30,31,32,33,34,35 

 

Structure 2: Glycidyl methacrylate 

 

5.2 Experimental 

Time-resolved in situ mass spectrometry measurements were performed 

during pulsed plasma excitation of glycidyl methacrylate precursor (+97%, 

Sigma Aldrich Co.). Prior to each experiment, the chamber was cleaned by 

running a 50 W oxygen plasma (0.2 mbar pressure) until no contaminant 

species were detected by mass spectrometry. Glycidyl methacrylate precursor 

was loaded into a sealable glass tube, degassed via at least 5 freeze–pump–

thaw cycles, and attached to the reactor. The monomer was then purged 

through the system at a pressure of 0.1 mbar via a fine control needle valve 
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(model 145-217-4P4PC, Meggitt Avionics Ltd.) for 20 min, followed by 

electrical discharge ignition.  For pulsed plasmas, an on-period (ton) of 30 µs 

and an off-period (toff) of 10 ms were used in conjunction with 15 W of 

continuous wave power input during the on-period (Pon).  These parameters 

were chosen on the basis of earlier optimisation studies reported for high 

structural retention of pulsed plasma deposited poly(glycidyl methacrylate) 

nanolayers.16 After each experiment, the pulsed plasma poly(glycidyl 

methacrylate) nanolayer was oxidised off the chamber walls by running a 50 

W oxygen plasma (0.2 mbar pressure) until no carbonaceous species were 

detected by mass spectrometry. The electron impact ionisation source of the 

mass spectrometer was operated at low energy (20 eV) in order to avoid 

excessive fragmentation during the detection of neutral and radical plasma 

species. In addition, ionised gaseous species (plasma ions) were sampled 

directly from within the electrical discharge through the 200 µm diameter end 

cap orifice by switching off the electron impact ionisation source and 

appropriate ion energy tuning was chosen according to the mass range to be 

investigated.  

For time-resolved measurements and detector gating operations, the transit 

time was calculated using the procedure described in section 2.6 (Chapter 2). 
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5.3 Results 

5.3.1 Glycidyl Methacrylate Electron-Impact Fragmentation  

Low energy (20 eV) electron-impact ionisation avoids extensive molecular 

fragmentation of glycidyl methacrylate precursor vapour, Figure 5.1. The main 

mass fragments formed are at 41, 43, 57, and 69 m/z, which correspond to 

specific bond cleavages within the molecule. 36,37,38,39  The parent molecular 

ion mass signal (142 m/z) and protonated molecular ion (143 m/z) were both 

absent.40  

 

Figure 5.1: 20 eV electron-impact ionisation mass spectrum of glycidyl methacrylate monomer 
vapour, (0.1 mbar pressure). Mass spectrometer tuning optimised on 69 m/z mass signal.  

 

5.3.2 Positive Plasma Ion Species 

In contrast to the absence of any parent molecular ion peak in the electron-

impact ionisation mass spectrum of glycidyl methacrylate precursor (Figure 

5.1), the protonated molecular ion peak (143 m/z) is present in the time-

averaged positive ion mass spectrum of glycidyl methacrylate pulsed plasma, 

Figure 5.2. Moreover, the formation of new well-defined oligomer species at 
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higher masses is evident corresponding to increasing integer number addition 

of glycidyl methacrylate monomer molecular mass repeat units (demonstrative 

of high selectivity). These arise as a consequence of step-wise glycidyl 

methacrylate monomer addition polymerisation from two initiator species—the 

main low energy electron impact fragmentation ion for glycidyl methacrylate 

monomer (69 m/z) and protonated glycidyl methacrylate precursor (143 m/z), 

Figure 5.1 and Figure 5.2, respectively. 

 

Figure 5.2: Time-averaged positive plasma ion mode mass spectrum of glycidyl methacrylate 
pulsed plasma (ton = 30 µs, toff = 10 ms, Pon = 15 W, and 0.1 mbar pressure). Mass 
spectrometer tuning optimised on 285 m/z mass signal. 

Time-resolved mass spectrometry of glycidyl methacrylate pulsed 

plasmas detected the presence of a variety of positive ions during the electrical 

discharge on-period (ton), Figure 5.3. These were low mass fragments (19, 28, 

41, 43, 57, 69 and 143 m/z), with the main electron-impact molecular fragment 

(69 m/z) of glycidyl methacrylate monomer and the protonated precursor ion 

(143 m/z) being predominant within the on-period window, i.e. the formation of 

initiator species required for subsequent step-wise monomer addition 

polymerisation during the off-period, Figure 5.3. 
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Figure 5.3: Low and high mass tuning time-resolved positive plasma ion mode mass spectra 
of glycidyl methacrylate pulsed plasma (ton = 30 µs, toff = 10 ms, Pon = 15 W, and 0.1 mbar 
pressure).  

 Monitoring of the subsequent off-period (toff) window revealed exclusive 

(high selectivity) step-wise addition of glycidyl methacrylate monomer repeat 

units to both of the aforementioned on-period (ton) window cation initiator 

species (69 and 143 m/z), leading to well-defined polymer chain growth over 

a time scale of about 5 ms—with longer (higher mass) polymer chain ions 

becoming more prominent over time, Figure 5.4. Beyond this time frame of 5 

ms, these polymer cations disappear due to recombination processes, film 

deposition, and decrease in ion energy (detuning of the mass spectrometer).  

Regardless, it is clear that the polymeric cations do indeed survive beyond the 

short on-period (ton = 30 µs). 
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Figure 5.4: (a) Off-period positive ion mass mode spectra taken during consecutive 1 ms 
sampling time windows for glycidyl methacrylate pulsed plasma (ton = 30 µs, toff = 10 ms, Pon 
= 15 W, and 0.1 mbar pressure); and (b) variation of positive ion mass mode fragments 
between consecutive 1 ms sampling time windows during the off-period, showing relative 
positive ion : protonated molecular ion (143 m/z) intensity ratios. Note the complete 
disappearance of positive ion species after 5 ms. Mass spectrometer tuning optimised on 285 
m/z mass signal. 
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5.3.3 Neutral Plasma Species 

Low energy (20 eV) electron-impact ionisation mass spectrometry of neutral 

pulsed plasma species (including radicals) detected similar fragments to those 

observed during positive plasma ion sampling, with the main glycidyl 

methacrylate electron-impact fragment being 69 m/z, Figure 5.1 and Figure 

5.5. This species in combination with hydrogen atom addition to monomer (143 

m/z) act as radical initiators for step-wise monomer addition polymerisation. 

 

Figure 5.5: Time-averaged 20 eV electron-impact ionisation mass spectrum of glycidyl 
methacrylate pulsed plasma (ton = 30 µs, toff = 10 ms, Pon = 15 W, and 0.1 mbar pressure). 
Mass spectrometer tuning optimised on 211 m/z mass signal. 

As observed previously during positive plasma ion mass spectrometer 

detection mode, 69 m/z and 143 m/z initiator species are created during the 

short pulsed plasma time-on (ton) window, Figure 5.6. Polymer chain growth 

occurs within the extended pulsed plasma off-period (toff) window, with longer 

growing (higher mass) chain signal intensities rising over time, Figure 5.7. The 

drop in overall intensity can be attributed to recombination processes as well 

as film deposition.  



   

 
83

 

Figure 5.6: Low and high mass tuning time-resolved 20 eV electron-impact ionisation mass 
spectra of glycidyl methacrylate monomer vapour (top left) and pulsed plasma (middle and 
bottom spectra, with ton = 30 µs, toff = 10 ms, Pon = 15 W, and 0.1 mbar pressure). 
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Figure 5.7: (a) Off-period 20 eV electron-impact ionisation mass spectra taken during 
consecutive 1 ms sampling time windows for glycidyl methacrylate pulsed plasma (ton = 30 µs, 
ms toff = 10 ms, Pon = 15 W, and 0.1 mbar pressure); and (b) variation of mass fragments 
between consecutive 1 ms sampling time windows during the off-period, showing relative 
fragment : protonated molecular ion (143 m/z) intensity ratios. Mass spectrometer tuning 
optimised on 211 m/z mass signal. 
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5.4 Discussion  

The high levels of plasmachemical reaction pathway selectivity observed by 

mass spectrometry for the pulsed electrical discharge of glycidyl methacrylate 

precursor complements the earlier reported time-of-flight secondary ion mass 

spectrometry (ToF-SIMS) spectra of pulsed plasma deposited poly(glycidyl 

methacrylate) nanolayers.16      

 This in situ mass spectrometry provides direct evidence for a highly 

selective step-wise monomer addition polymerisation mechanism occurring 

during pulsed plasma excitation which underpins the growth of structurally 

well-defined poly(glycidyl methacrylate) thin films, Figure 5.3 and Figure 5.6. 

There are two distinct reaction regimes corresponding to the short on-period 

(ton) and long off-period (toff) time windows, Scheme 5.1. The former 

corresponds to electrical discharge ignition occurring on the microsecond (µs) 

timescale to create two initiator species: methacryolyl (69 m/z—which is the 

main fragment formed following low energy electron impact of glycidyl 

methacrylate precursor, Figure 5.1), and the protonated monomer (143 

m/z).16,17,41,42 This is followed by conventional polymerisation reactions 

proceeding during the subsequent longer millisecond (ms) off-period 

timescale, with monomer units sequentially adding to the growing polymer 

chain, Scheme 5.1.17,24,43,44 Both positive ions and radicals at 69 m/z and 143 

m/z act as initiators for the off-period polymerisation reaction pathway, Figure 

5.3 and Figure 5.6 respectively. This is accompanied by an increase in relative 

intensity of the higher mass oligomeric species during the off-period, Figure 

5.4 and Figure 5.7. 
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The ultra-high reaction pathway selectivities observed in the present 

investigation are in marked contrast compared to previous time-resolved in 

situ mass spectrometry studies of pulsed plasmas—where highly selective 

reaction pathways (product formation) have not been reported for monomers 

such as: acrylic and methacrylic precursors, styrenic monomers, thiols, 

amines, silanes, terpenoids, or saturated and unsaturated linear 

hydrocarbons.19,20,22,23,25,45,46,47 This can be attributed to the earlier use of 

longer on-periods (ton = milliseconds), whereas in the present study shorter ton 

values (in the microsecond range) are employed which narrows the time frame 

for any damaging cascading plasmachemical fragmentation reaction 

pathways as well as prohibiting the build-up of the plasma sheath potential 

leading to ion bombardment damage. 48  Growth of well-defined oligomer 

species is achieved as a consequence of selecting short micro-millisecond 

pulsed plasma duty cycles and low powers. This is accompanied by the 

formation of high mass ions via plasma electron-impact ionisation of high mass 

radicals within the electrical discharge—which accounts for the absence of any 

significant difference in mass fragments between positive ion versus low 

energy electron-impact detection modes, Figure 5.2 and Figure 5.5.49,50 The 

degree of ionisation in such glow discharge plasmas is very low (10−4–10−6), 

and hence neutral species are present in much higher concentrations.51,52  

Furthermore, the duration of each plasma pulse is very short (ton = 

microseconds) relative to the extinction period (toff = milliseconds), hence the 

concentration of ions is further diluted. On this basis, a cationic polymerisation 

mechanism is not expected to be predominant.53 

5.5 Conclusions 

High selectivity reaction pathways for low duty cycle pulsed electrical 

discharges have been identified using in situ time-resolved mass 

spectrometry. For glycidyl methacrylate precursor, short electrical discharge 

pulses (ton = microseconds timescale) lead to the creation of initiator species 

(the main low energy electron-impact fragment of glycidyl methacrylate (69 

m/z)) and hydrogen atom addition to the molecular precursor (143 m/z). These 

initiator species then undergo sequential monomer addition within the 

extended off-period window (toff = milliseconds timescale) giving rise to the 
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growth of well-defined epoxide-functionalised polymer chains.  These 

plasmachemical mechanisms should be applicable to other precursors 

employed for the low duty cycle pulsed plasma deposition of functional 

nanolayers. 
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6 : MALEIC ANHYDRIDE PULSED PLASMA 

POLYMERISATION MECHANISM 

6.1 Introduction 

Maleic anhydride (MAH) is obtained from dehydration of maleic acid and is the 

second most important anhydride in commercial use.1,2 Common examples of 

maleic anhydride uses are Diels-Alder reaction chemistry,3 photo and radical 

reactions,4,5 copolymers and homopolymers.6,7,8,9 Although, maleic anhydride 

is an excellent electron acceptor and can successfully copolymerise with a 

variety of monomers, homopolymerisation of maleic anhydride has proved to 

be challenging because of several reasons; steric hindrance factors, 

unfavourable double bond-double bond interactions (due to its electron-

acceptor nature) or high chain transfer activity.1 Pulsed plasma polymerisation 

is an alternative approach to obtain functional coatings containing maleic 

anhydride functionalities.10 Several works on maleic anhydride plasma 

polymers are reported in the literature as this type of functional films have a 

wide range of potential applications such as: biosurfaces, protein 

immobilisation, controlled radical polymerisation, improving adhesion 

properties.11,12,13,14,15,16,17 In this chapter, the chemistry of maleic anhydride 

precursor exposed to ultra-short (µs range) pulsed electric discharges is 

investigated by time-averaged and time-resolved mass spectrometry, Figure 

6.1, and experimental results are discussed from the mechanistic point of view.  

 

Figure 6.1: Maleic anhydride pulsed plasma mass spectrometric measurements. 
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6.2 Experimental 

Briquettes of maleic anhydride (Aldrich, 99% purity) were ground into a fine 

powder and loaded into a monomer tube. Maleic anhydride precursor was 

purged at a pressure of 0.1 mbar for 20 min via a fine control needle valve. 

For pulsed plasmas, an on-period (ton) of 50 µs and an off-period (toff) of 6 ms 

were used in conjunction with 7 W of continuous wave power input during the 

on-period (Pon), Figure 2.9.10,18,19  Ionised gaseous species (plasma ions) were 

sampled directly from the electrical discharge through the 200 µm end cap 

orifice. For time-resolved measurements and detector gating operations, the 

transit time was calculated using the procedure described in section 2.6 

(Chapter 2). 

 

6.3 Results 

6.3.1 Maleic Anhydride Electron-Impact Mass Spectrometry 

 

Figure 6.2: 20 eV electron-impact ionisation mass spectrum of maleic anhydride monomer, 
(0.1 mbar). Mass spectrometer tuning on 54 m/z. 
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The results for electron-impact ionisation of maleic anhydride monomer are in 

good accordance with the fragmentation pattern reported by NIST database.20 

Maleic anhydride precursor undergoing 20 eV electron-impact ionisation gives 

rise to a characteristic set of mass fragments, Figure 6.2. The base peak at 54 

m/z = [C3H2O]+ originates from CO2 loss and the molecular ion [M]+ can be 

observed at 98 m/z. 21,22 Other relevant fragments are 82 m/z = [C4H2O2]+ (due 

to loss of the oxygen atom),23 carbon monoxide 28 m/z = [CO]+, and acetylene 

26 m/z = [C2H2]+, shown in Figure 6.2.  
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6.3.2 Plasma Ions 

For both time-averaged and time-resolved positive plasma ion spectrometry, 

the instrument was tune on mass 54 m/z (for low mass range tuning) and 197 

m/z (for high mass range tuning).  

 

Figure 6.3: Time-averaged positive plasma ion mass spectrum of maleic anhydride pulsed 
plasma (ton = 50 µs, toff = 6 ms, Pon = 7 W, and 0.1 mbar). Mass spectrometer tuning on 54 and 
197 m/z mass signal. Inset plot was recorded within 185 - 400 m/z mass range using the 
accumulate function. 

Time-averaged positive ion mass spectroscopy of maleic anhydride pulsed 

plasmas showed evidence for plasma polymerisation occurring in the electrical 

discharge. In the low mass tuning positive ion mass scan (Figure 6.3a), the 

plasma environment shares similar features with the electron-impact ionisation 
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mass spectrum (Figure 6.2). Mass signals such as 82 m/z = [C4H2O2]+, 54 m/z 

[C3H2O]+ (base peak), carbon dioxide 44 m/z = [CO2]+, and acetylene 26 m/z 

= [C2H2]+, are still present with significant intensities, with exception of carbon 

monoxide mass signal (28 m/z = [CO]+) which appears to be weaker relatively 

to the base peak. The molecular ion 98 m/z = [M]+ is no longer visible, instead, 

the doubly deprotonated at 96 m/z = [M−2H]+ and protonated 99 m/z = [M+H]+ 

analogous species are present.15 These ion species are responsible for gas 

phase plasma initiated polymerisation of maleic anhydride, as they provide 

excited monomer units, for stepwise polymer chain formation. Plasma 

polymerisation occurring in the plasma phase is visible in the high mass tuning 

positive ion mass spectrum, Figure 6.3b (x20 inset plot), where maleic 

anhydride protonated dimer species 197 m/z = [2M+H]+, 198 m/z = [2M+2H]+ 

and trimer species 296 m/z = [3M+2H]+ are being generated. In addition to 

oligomer species, other relevant mass signals are detected; 82 m/z = 

[C4H2O2]+ (base peak), 118 m/z = [C3H4O2]+, 180 m/z = [M−H2O]+ (water 

subtraction) and 240 m/z = [2M+CO2]+ (carbon dioxide addition).  

 

Figure 6.4: Time-resolved positive plasma ion mass spectra of maleic anhydride pulsed 
plasma (ton = 30 µs, toff = 10 ms, Pon = 15 W, and 0.1 mbar). 
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For time-resolved positive plasma ion mode, different plasma environments 

are observed for both low and high mass tuning (on-time and off-period). In 

low mass tuning spectra, ion counting is considerably higher (104 counts s-1 

range) in the ton window due to the greater degree of ionisation during the 

plasma pulsation, Figure 6.4a, and plasma ion signals range from (26 to 99 

m/z – low mass range). Conversely, in the toff plasma window ion signals are 

weaker in intensity (102 counts s-1 range) as the ions generated in the on-

period are progressively decreasing in number, Figure 6.4b. When the 

spectrometer is operated in high mass tuning mode, the main difference 

between ton and toff plasma windows is the average mass counting, which is 

higher during the off-time plasma period, as shown in Figure 6.4d. In fact, large 

mass signals are recorded in the high range of the mass spectrum, if compared 

to the plasma on-period (Figure 6.4c). This is a strong indication that high mass 

species form in great number after the plasma pulse (which is the initiating 

step), and step-growth plasma polymerisation occurs in the off-time period. 
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6.3.3 Plasma Radicals 

 

Figure 6.5: Time-averaged electron-impact ionisation mass spectrum of maleic anhydride 
pulsed plasma (ton = 50 µs, toff = 6 ms, Pon = 7 W, and 0.1 mbar).  
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Low mass tuning electron-impact ionisation mass spectrum, operating in time-

averaged mode (Figure 6.5a), shows a very similar mass signal population to 

the original monomer precursor (Figure 6.2). The most intense mass signals 

are recorded at 28 m/z = [CO]+ and 26 m/z = [C2H2]+, and other characteristic 

mass fragments such as; 98 m/z = [M]+ (molecular ion). Mass peaks 54 m/z = 

[C3H2O]+ and 44 m/z = [CO2]+ are also present, but their signals are not as 

intense as in the precursor mass spectrum, see Figure 6.2. Similarly, to 

positive plasma ions (Figure 6.3b), when the spectrometer is tuned on a higher 

mass (197 m/z), high mass signals for radical species become visible (Figure 

6.5b). Plasma radical oligomers such as: 197 m/z = [2M+H]+, 198 m/z = 

[2M+2H]+ and 296 m/z = [3M+2H]+ are being generated as a consequence of 

plasma activation, together with other high mass plasma radical species, such 

as; 82 m/z = [C4H2O2]+ (base peak), 118 m/z = [C3H4O2]+, 180 m/z = [M-H2O]+ 

and 240 m/z = [2M+CO2]+. 
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Figure 6.6: Time-resolved electron-impact ionisation mass spectra of maleic anhydride 
precursor gas (top left) and pulsed plasmas (middle and bottom spectra, with ton = 50 µs, toff = 
6 ms, Pon = 7 W, and 0.1 mbar).  

In time-resolved electron-impact ionisation mode (low mass tuning), the same 

set of plasma radical species are found to be present in both on-period and 

off-period, Figure 6.6a and b. The most intense mass signals are recorded at 

28 m/z = [CO]+ and 26 m/z = [C2H2]+, while characteristic mass fragments such 

as; 98 m/z = [M]+ (molecular ion),  54 m/z = [C3H2O]+ and 44 m/z = [CO2]+ are 

also observed.  
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When the internal ionising source is operated on high mass tuning (197 m/z), 

Figure 6.6c and d, two distinct populations of plasma radicals are observed. 

During ton window (Figure 6.6c) low mass plasma radicals such as: 82 m/z = 

[C4H2O2]+ (base peak), 68 m/z [C4H4O]+, 54 m/z [C3H2O]+ 96 m/z = [M-2H]+, 

99 m/z = [M+H]+, are generated, as opposed to the off-time period Figure 6.6d 

inset plot where heavier radicals (118, 180, 240 m/z) and protonated oligomer 

species (197, 198, 296 m/z), are detected as a consequence of plasma 

initiated step-growth polymerisation.  

6.4 Discussion  

In situ mass spectrometry was employed for the first time as a diagnostic 

technique to gain an insight on pulsed plasma polymerisation of maleic 

anhydride mechanism. Maleic anhydride monomer precursor undergoes 

radical chain growth polymerisation when exposed to short (microsecond time 

window) pulsed electric discharges followed by extended (millisecond time 

window) off-time periods. Radical chain growth polymerisation proceeds via 

the initiation step during the pulsed plasma discharge (ton – microsecond 

range), where activated species 96 m/z = [M-2H]+, 99 m/z = [M+H]+ are 

generated. Following the initiation step, activated species recombine during 

the extended off-time window (toff – millisecond range) leading to the formation 

of radical oligomer species such as; protonated and doubly protonated radical 

dimers 197 m/z = [2M+H]+, 198 m/z = [2M+2H]+ and doubly protonated radical 

trimers  296 m/z = [3M+2H]+, as illustrated in Scheme 6.1.   

 Using short plasma pulses in the microsecond range enables avoiding 

excessive fragmentation of the maleic anhydride precursor, this allows high 

selective plasma activation of the double bond, without causing the maleic 

anhydride ring to open (ton). When a short plasma discharge is followed by a 

long plasma off-period (toff), favourable collisions between activated maleic 

anhydride precursor species (96 m/z, 99 m/z), are more likely to occur giving 

rise to controlled plasma polymerisation reaction via subsequent addition of 

activated monomer precursor units. 
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6.5 Conclusions 

Pulsed plasmas of maleic anhydride precursors were studied by situ mass 

spectrometry and polymerisation mechanism was discussed. Short plasma 

electrical discharges followed by longer plasma off-periods were investigated 

by time-averaged and time-resolved acquisition modes for both plasma ions 

and radicals. Maleic anhydride was proven to be a suitable plasma precursor 

that gives rise to activated species 96 m/z = [M-2H]+, 99 m/z = [M+H]+ when 

exposed to short plasma discharges. The plasma polymerisation proceeds by 

monomer addition with the formation of protonated and doubly protonated 

radical dimers 197 m/z = [2M+H]+, 198 m/z = [2M+2H]+ and doubly protonated 

radical trimers 296 m/z = [3M+2H]+. 
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7 : BUTYL ACRYLATE PULSED PLASMA 

POLYMERISATION 

7.1 Introduction 

The use of acrylic monomers employed as plasma precursor species has been 

reported in numerous studies.1,2,3,4,5 There are several intrinsic characteristics 

that make this class of organic compounds particularly suitable for plasma 

deposition purposes; The main interesting feature offered is the presence of a 

polymerisable double bond; in fact a C=C π-bond can be rapidly plasma-

activated and used to generate initiating sites for monomer-monomer addition 

plasma polymerisation (conventional step-growth polymerisation). Moreover, 

acrylates monomers are relatively easy to source due to commercial 

availability and the organic materials obtained from conventional 

polymerisation methods, are of enormous technological interest because of 

their versatility and wide range of potential applications.6,7,8   

 It has been found experimentally that butyl acrylate (Structure 3) 

vapours undergo pulsed plasma polymerisation to give structurally well-

defined polymeric film depositions very similar to poly(butyl acrylate) obtained 

from conventional polymerisation techniques.9      

   In this chapter, we present and discuss a set of 

experimental results obtained from average and time-resolved mass 

spectrometric analysis conducted on ions and radical species generated by 

butyl acrylate polymerising pulsed plasma systems. 

 

Structure 3: Butyl acrylate monomer structure 
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7.2 Experimental 

Butyl acrylate monomer (Aldrich, 99% purity) was loaded into a monomer tube 

and freeze-pump-thawed for 5 cycles. Monomer precursors were introduced 

in the plasma reactor via a fine control needle valve. Prior to each experiment, 

the plasma reactor was plasma cleaned (50 W oxygen plasma continuous 

wave), then purged with butyl acrylate monomer at a pressure of 0.1 mbar for 

20 min. For pulsed plasmas, an on-period (ton) of 50 µs and an off-period (toff) 

of 10 ms were used in conjunction with 7 W of continuous wave power input 

during the on-period (Pon).10,11 Ionised gaseous species (plasma ions) were 

sampled directly from the electrical discharge through the 200 µm end cap 

orifice. For time-resolved measurements and detector gating operations, the 

transit time was calculated using the procedure described in section 2.6 

(Chapter 2). 
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7.3 Results 

7.3.1 Butyl Acrylate Electron-Impact Mass Spectrometry 

 

Figure 7.1: 20 eV electron-impact ionisation mass spectrum of butyl acrylate monomer, (0.1 
mbar). Mass spectrometer tuning on 56 m/z. 

 

Figure 7.2: Butyl acrylate precursor fragmentation pattern. 
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The 20 eV electron-impact ionisation mass spectrum of butyl acrylate 

monomer is characterised by a very intense mass signals at 56 m/z = [55+H]+ 

that originates from the protonated fragment at 55 m/z. The butyl group is also 

visible at 57 m/z, Figure 7.1. Acryloyl ion at 85 m/z arises from the oxygen-

carbon bond cleavage as illustrated in Figure 7.2. Other relevant fragments 

are observed at 41 m/z = [55-CH2]+  and 73 m/z = [C4H9O]+ but no molecular 

ion signal was detected (128 m/z = [M]+). The experimental mass spectrum of 

butyl acrylate monomer is in good accordance with the fragmentation pattern 

reported by NIST database.12  
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7.3.2 Plasma Ions 

During time-averaged and time-resolved positive plasma ion analysis, the 

spectrometer was tune on mass 129 m/z, (different tunings were performed 

on a range of different mass signals, with no significant difference observed 

on the resulting mass spectra). 

 
Figure 7.3: Time-averaged positive plasma ion mass spectrum of butyl acrylate pulsed plasma 
(ton = 50 µs, toff = 10 ms, Pon = 7 W, and 0.1 mbar). Mass spectrometer tuning on 129 m/z mass 
signal.  

Pulsed plasma polymerisation of butyl acrylate precursor vapours was 

investigated by time-averaged positive ion mass spectroscopy, Figure 7.3. 

Mass signals at 41 m/z, 57 m/z and 73 m/z are originated by plasma electron 

impact fragmentation of the precursor monomer, as observed for the 

analogous electron-impact ionisation mass spectrum, Figure 7.1. Butyl 

acrylate protonated dimer species ([2M+H]+), are visible at 257 m/z. The 

presence of these species represents a strong evidence of step-wise 

polymerisation occurring during the pulsed electrical discharge. Intermediate 

species are also observed at 183 m/z ([2M-73]+). The base peak 

corresponding to the protonated molecular ion ([M+H]+) is detected at 129 m/z. 
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Figure 7.4: Time-resolved positive plasma ion mass spectra of butyl acrylate pulsed plasma 
ton window (a) and toff window (b) (ton = 50 µs, toff = 10 ms, Pon = 7 W, and 0.1 mbar). Mass 
spectrometer tuning on 129 m/z mass signal. 
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On-time (Figure 7.4a) and off-time (Figure 7.4b) periods were investigated by 

time-resolved positive plasma ion spectrometry. In the on-time plasma 

window, the protonated molecular ion 129 m/z ([M+H]+) is the predominant 

mass signal, while other characteristic mass signals are observed at 41 m/z, 

57 m/z, 73 m/z but no oligomer species are present during the plasma pulse. 

The off-time window mass scan shows a different set of positive ion masses, 

with major peaks found at 81 m/z, 129 m/z (protonated molecular ion [M+H]+), 

183 m/z ([2M-73]+) and protonated dimer species (257 m/z = [2M+H]+). This 

strongly suggests that plasma polymerisation by monomer-monomer addition, 

occurs exclusively in the off-time period. Another major difference between the 

on-time and off-time period is the overall ion mass counting which falls in the 

104 count s−1 range during the ton window (due to plasma ionisation), and much 

lower in the subsequent plasma period (toff window – 103 count s−1).  A further 

analysis was carried out on consecutive 1 millisecond-long sampling positive 

ion mass spectra, which were recorded during the off-period, Figure 7.5. In the 

first microsecond the protonated molecular ion (129 m/z = [M+H]+) is the most 

intense signal (0–1 ms), while dimer species (257 m/z = [2M+H]+) are 

progressively formed in the following microsecond long time windows (1–7 

ms), as the overall signal intensity drops throughout the entire duration of the 

off-time window. 
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Figure 7.5: Off-period positive ion mass spectra taken during consecutive 1 ms sampling time 
windows for butyl acrylate pulsed plasma (ton = 50 µs, toff = 10 ms, Pon = 7 W, and 0.1 mbar). 
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7.3.3 Plasma Radicals 

 

Figure 7.6: Time-averaged electron-impact ionisation mass spectrum of butyl acrylate pulsed 
plasma (ton = 50 µs, toff = 10 ms, Pon = 7 W, and 0.1 mbar).  

Time-averaged electron-impact ionisation mass spectrum of butyl acrylate 

pulsed plasma (shown in Figure 7.6) was employed to investigate plasma 

radical species produced by pulsed electrical discharges. The main mass 

signals formed via monomer precursor electron-impact ionisation (20 eV 

electron energy), are observed at 28 m/z = [CO]+, 41 m/z, 55 m/z = [57-2H]+, 

56 m/z = [57-H]+, 57 m/z and 73 m/z. The protonated molecular ion signal at 

129 m/z = [M+H]+ is very intense, indicating that a large amount of protonated 

butyl acrylate radicals is produced as a potential source of activated species. 

Although oligomer species are not observed. 
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Figure 7.7: Time-resolved electron-impact ionisation mass spectra of butyl acrylate precursor 
gas (top left) and pulsed plasmas (middle and bottom spectra), with ton = 50 µs, toff = 10 ms, 
Pon = 7 W, and 0.1 mbar. 
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Time-resolved electron-impact ionisation mode allowed for investigation of 

plasma radical species formed in the on-time and off-time period. During the 

plasma discharge (on-time) very intense signals are detected at 28 m/z = 

[CO]+, 41 m/z, 55 m/z [57-2H]+, 56 m/z [57-H]+, 57 m/z and 73 m/z while the 

protonated molecular ion signal at 129 m/z = [M+H]+ appears to be relatively 

low in intensity, Figure 7.7a. Unlike on-time electron-impact ionisation mode, 

when the internal ionising source is operated in the off-time period, very weak 

plasma radical signals for 73 m/z and 129 m/z = [M+H]+ are detected (Figure 

7.7b). The electron-impact mass spectrum falls in the 102 count s−1 ion 

counting range. Plasma radical scarcity in the off-time period is confirmed by 

consecutive 1 millisecond-long positive radical analysis sampling window, 

Figure 7.8. Radical species of the protonated molecular ion 129 m/z = [M+H]+ 

are only observed in the first millisecond within the off-time, while in the 

following millisecond-long “time slices” (1–2 ms to 7–8 ms), plasma radical 

signals are absent.   
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Figure 7.8: Off-period electron-impact ionisation mass spectra taken during consecutive 1 ms 
sampling time windows for butyl acrylate pulsed plasma (ton = 50 µs, toff = 10 ms, Pon = 7 W, 
and 0.1 mbar). 
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7.4 Discussion  

Both time-averaged and off-time positive plasma ion analysis (Figure 7.3 and 

Figure 7.4b respectively) recorded high intensity signals of protonated 

monomer ([M+H]+) and protonated dimer ([2M+H]+) species. These results 

represent strong evidence for monomer unit addition via double bond opening 

(π-bond cleavage) with consequent recombination and chain growth by 

conventional polymerisation mechanism. In this reaction where protonated 

monomer ions (generated by plasma excitation during the on-time period) are 

functioning as initiating activated species  (Scheme 7.1). Figure 7.5 shows 

consecutive positive ion mass spectra (1 millisecond-long) sampled from the 

off-time period. The protonated molecular ion signal (129 m/z = [M+H]+) is 

found to be the most abundant species during the very first time frame (0–1 

ms), while dimer species start to form from the second sample (1–2 ms) on. 

 When plasma radical species were investigated by both time-averaged 

and time-resolved electron-impact mass spectrometry, no dimer species were 

observed unlike positive ions. Plasma radicals only form during the on-time 

window, with mass species ranging from 28 to 129 m/z, and 56 m/z being the 

base peak. Off-time analysis showed very low radical concentration overall 

(102 count s−1 ion counting range). This was confirmed by consecutive 

samples during the off-period (Figure 7.8), where the majority of radical 

species (mostly 129 m/z = [M+H]+) were generated at the very beginning (0–1 

ms) of the off-time window, with no signal observed in the following time 

frames. This outcome can be explained by the low stability of secondary 

radicals formed by acrylates on the reactive sites (double bond).  

 

Scheme 7.1: Chain growth polymerisation mechanism for butyl acrylate pulsed plasma 
deposition of plasma ion species. 
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7.5 Conclusions 

Pulsed plasma polymerisation of butyl acrylate mechanism was investigated 

by in situ mass spectrometry. Experimental results showed that butyl acrylate 

vapours exposed to pulsed electrical discharges lead to the formation, in the 

gas phase, of oligomer ionic species by monomer-monomer addition reaction. 

Such protonated butyl acrylate dimers (257 m/z = [2M+H]+), indicate that the 

reaction pathway proceeds via subsequent addition of protonated monomer 

units due to the higher tendency of acrylates to form ions, unlike methacrylates 

that are more likely to generate radicals. Very low concentrations of plasma 

radical species were produced in the off-time period, this can be attributed to 

the relatively lower stability of secondary radicals in acrylates (compared to 

tertiary radicals of methacrylates). For this reason, it is plausible to assume 

that the formation of ionic species is more favourable for acrylate precursors. 
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8 : CONCLUSIONS 

In recent years, pulsed plasma polymerisation techniques have attracted 

considerable interest for the preparation of highly functionalised plasma 

polymer films. Pulsed plasma polymerisation allows the preservation of fragile 

functionality within monomer units allowing the construction and deposition of 

increasingly elaborated polymer scaffolds. Furthermore, these organic films 

possess similar properties to the ones obtained by conventional 

polymerisation. The work carried out during this project has led to a number of 

relevant observations concerning pulsed plasma deposition methods; our 

main findings are summarised below.     

 Time-resolved mass spectrometry is a powerful diagnostic tool to 

explore the double nature of pulsed polymerising plasmas. It has been shown 

that, from the mechanistic point of view, there are two distinct reaction regimes 

within the plasma phase, namely on-periods and off-periods. During each 

short burst of plasma (on-time window) monomer activation occurs with the 

consequent generation of reactive species (via ion, or electron bombardment). 

This is followed by propagation reactions leading to conventional 

polymerisation during the subsequent off-time window (in the absence of ion, 

or electron- induced damage). Both behaviours were successfully observed in 

the gas phase, for hexafluoropropylene oxide, glycidyl methacrylate, maleic 

anhydride and butyl acrylate.      

 For pulsed plasma deposition of PTFE-like thin films using 

hexafluoropropylene oxide precursors, the influence of the duty cycle on 

plasma generated species was investigated by in situ mass spectrometry. In 

chapter 4, it was demonstrated that shorter ton values produced longer 

perfluoroalkyl plasma species. These experimental results are the direct 

consequence of perfluoroalkyl polymer chain propagation during the off-time 

(toff) due to lower amount of energetic plasma ion-induced fragmentation. 

Additionally, the relative concentrations of neutral versus ionic plasma species 

was found to rise for shorter pulse duty cycles.     

 Glycidyl methacrylate pulsed plasmas have been investigated using 

time-resolved in situ mass spectrometry. A further confirmation of the 

efficiency of pulsed plasma methodologies can be found in the highly selective 
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step-wise monomer addition polymerisation mechanism observed during low 

pulsed plasma duty cycles (ton = microseconds timescale, and toff = 

milliseconds timescale). Analogous results were attained with maleic 

anhydride precursors, where sequential monomer addition gave rise to a 

distinct sequence of protonated, doubly protonated radical dimers 

([2M+H]+,[2M+2H]+) and doubly protonated radical trimers [3M+2H]+ during 

the extended off-period window.        

 Concerning the general mechanism, given that plasmas are usually 

identified as ionised gaseous systems, and the presence of ions is an essential 

requirement for creating the plasma state. It reasonable to assume that a direct 

correlation between the ionisation process and the formation of polymeric 

organic coatings may exist. However, it is worth to consider that the population 

of ions in a low pressure plasma is sensibly smaller compared to that of free 

radicals (for instance, laboratory or industrial glow discharges used for plasma 

polymerisation of organic monomers, contain nearly a million times more 

radical species than ions). For this reason, we believe that the plasma 

polymerisation mechanism is predominantly radical, as radical recombination 

reactions of activated monomer species are the main responsible for gas 

phase oligomerisation and the formation of functional organic deposits.  

 As a final remark, although mass spectrometry employed for diagnostic 

of reactive plasmas represents a convenient solution to explore the intricate 

nature of such systems, there are still some limitations. When operating in 

radical detection mode, plasma radical species must be ionised in order to be 

detected by the spectrometer (20 eV internal ion source), this operation is an 

additional source of fragmentation for fragile radical oligomers. As a result, 

high mass radical species are difficult to detect compared to their ion 

counterparts (which are generated at lower ionisation energies). Additionally, 

it has been documented that quadrupole mass filters suffer from poor 

focussing capabilities for the transmission of large ions, causing a substantial 

drop in sensitivity at higher masses. In order to fully characterise pulsed 

polymerising plasma, the use of complementary techniques (i.e. optical 

spectroscopies, Langmuir probes) would be the best case scenario.  

 


