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EXPERIMENTAL NOTE

The majority of the conclusions reached in this thesis are based
on a series of experiments involving single point results - individual
experiments were not routinely repeated, for a particular set of
conditions. The justification for this is twofold.

Firstly, using the apparatus available it was difficult to
exactly reproduce experimental conditions with respect to power
input/photon flux versus flow rate. The trends shown by the results
were therefore felt to be more important than individual results.

Secondly, where experiments were repeated, and the deposited
films subjected to analysis by ESCA / XPS, the individual values
achieved for both elemental stoichiometries and other numerical
results were typically within + 10% - 15% of the mean (taken to be
experimental error), and the overall trends were found to be
unaffected by the actual spread of results.

This conclusion was previously reached by HS Munro and H Grunwald
(J.Polym.Sci., Polym.Chem.Ed., 23, 479 (1985)) for plasma polymers
deposited using acrylonitrile, and has been used as the precedent for
this work. The repeatability of results for films deposited from

fluoroethylenes is dealt with in Chapter Two.
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DEPOSITION OF ORGANIC THIN FILMS BY PLASMA AND
PHOTOCHEMICAL TECHNIQUES

by

The work detailed in this thesis concerns organic thin films
synthesised either using R.F. inductively coupled plasmas excited in
unsaturated monomers containing either fluorine or a nitrile group, or
else irradiating the said monomers in vacuo using ultraviolet light.

The effect of the following parameters on the composition and
structure of the resultant films was determined using ESCA/XPS :

a) power input to the R.F. plasma system, b) photon flux during UV
irradiation, c) monomer type (including structural isomerism), and d)
monomer flow rate. Relative system deposition rates were
rationalised in terms of Yasuda's parameter, W/FM, which was found to
hold true gqualitatively, if not quantitatively.

Introduction of halogen vapour to the plasma system in the
presence of nitrile monomers physically decreased the glow volume.
Analysis by ESCA and UV absorption spectroscopy revealed the presence
of ionic halogen species in the resultant films. An overall decrease
in deposition rate of the system was also observed. A similar result
for the latter was seen for UV irradiation in the presence of iodine.
The results were rationalised by assigning a free radical mechanism
for both plasma and photochemical film deposition which is inhibited
by halogens.

Films formed by irradiation at >200 nm were found to have
differing chemical compositions compared to those obtained in the
vacuum ultraviolet (<200 nm). This result was attributed to the
differing photochemistries occurring in the two wavelength regions.
Reference to the gas-phase photochemical literature enabled
identification of the likely intermediates and term states involved,
including 1,1 and 1,2 molecular elimination from ethylenic monomers in
the vacuum UV to give the respective ethynes, together with secondary
photolysis products. Consequently a mechanism for surface
Photopolymerisation was outlined which was compared with that proposed
for plasma polymerisation, both of which involve vibrationally excited
ground states for the monomers studied.



CONTENTS

Memorandum

Acknowledgements

Abstract

CHAPTER- 1 ~ AN INTRODUCTION TO PLASMA POLYMERIZATION

1.1 Introduction

1.2 Fundamental Aspects of Plasma
1.2.1 Plasma Diagnostics

1.3 Plasma Technigues

1.4 Reactive Species in a Plasma
l1.4.1 Plasma Reactions

1.5 Plasma Applications
1.5.1 Surface Modification
1.5.2 Polymer Synthesis

1.6 Plasma Polymerization
1.6.1 Organometallic Systems
1.6.2 Organic Systens

1.7 Plasma Deposition Mechanisms

1.8 Summary

CHAPTER 2 - PLASMA POLYMERIZATION OF SOME FLUOROETHYLENES

2.1 Introduction

2.2 Plasma Fluoropolymers

2.3

Experimental

2.3.1 Plasma Polymerization
2.3.2 ESCA Analysis

2.3.3 Calculation of Flow Rate

Results and Discussion

iv

ii

iii

11

13

13

14

156

16

17

19

22

33

34

35

36

37

37

41

42

44



CHAPTER 3 - PLASMA POLYMERIZATION OF ORGANIC COMPOUNDS CONTAINING

A CYANO OR NITRILE GROUP 57
3.1 Introduction 58
3.2 Aim 659
3.3 Experimental 59
3.5.1 Plasma Polymerization 59
3.3.2 ESCA Analysis 60
3.3.3 Mass Spectrometric Investigation 63
3.4 Results and Discussion 65
3.4.1 2-Chloroacrylonitrile 65
3.4.2 Methacrylonitrile 90
3.4.3 Allyl Cyanide 101
3.5 Summary 111
CHAPTER 4 - PLASMA POLYMERIZATION IN THE PRESENCE OF HALOGEN
VAPOURS 112
4.1 Introduction 113
4.2 Experimental | 114
4.3 Chloroacrylonitrile / Iodine - 119
4.4 Allyl Cyanide / Iodine 131
4.5 Allyl Cyanide / Bromine 148
4.6 Summary 160
CHAPTER 5 - DEPOSITION OF ORGANIC THIN FILMS BY PHOTOCHEMICAL
TECHNIQUES 161
5.1 Introduction 162
5.2 Experimental Techniques 165
5.2.1 Light Sources 1656
5.2.2 Lasers 167
5.2.3 Window Material 169

5.3 Potential Monomers 170



5.4 Experimental 171

5.5 Trifluoroethylene and Related Compounds 173
5.5.1 Results 173
5.5.2 Discussion 175
5.9.3 Summary 180

5.6 Chloroacrylonitrile 181
5.6.1 Results 181
5.6.2 Discussion 1393
5.6.3 Summary 197

5.7 Methacrylonitrile 198
5.7.1 Results 198
5.7.2 Discussion 202
5.7.3 Summary 204

5.8 Chloroacrylonitrile / Iodine 204

5.9 Surface Photopolymerization - a Deposition Model 207

CHAPTER 6 - POSITIONAL DEPENDENCE WITHIN A PHOTOCHEMICAL REACTOR 212

6.1 Introduction - 213
6.2 Experimental 213
6.3 Results and Discussion 214

CHAPTER 7 - PHOTODEPOSITION RATES OF ORGANIC THIN FILMS OF

CHLOROACRYLONITRILE 238
7.1 Introduction 238
7.2 Experimental 239
7.3 Results and Discussion 242
References 258
APPENDIX ONE Al
APPENDIX TWO Bl

APPENDIX THREE Ci



CHAPTER ONE

AN INTRODUCTION TO PLASMA POLYMERIZATION



1.1 Introduction

A plasma,

state consisting of molecules,

excited

by definition,

{including metastable)

atoms and ions

states together

whole being in overall electrical neutrality.

Historically dating back to the work of Crookes

(1897)

gas .discharges have been studied by scientists ever since.

Langmuir® (1928)

ionised gases formed in an electrical discharge.

has since come to mean the process by which

(1879)

refers to the partially ionised gaseous
in both ground and

with electrons,

on the properties of cathode rays emitted from discharge tubes,

who coined the word plasma to denote the state of
Plasma polymerization

(thin) polymeric materials

are deposited from the gas phase under the influence of a plasma.
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Numerous types of plasmas exist in nature and/or can be created in
the laboratory, each able to be characterised using the criteria of
electron temperature and also electron densityz.

Figure 1.1 illustrates a variety of known plasmas. Divided into
"cool", non-equilibrium and hot, equilibrium plasmas, it is the former
range which encompasses the realm of "“polymerising" plasmas (or glow
discharges) whilst the latter, characterised by a very high gas
temperature which is equated approximately to electron temperature,
find uses in the compositional analysis of materials, for example in
inductively coupled Plasma-Optical Emission Spectrophotometry

(ICP—OES)3 or inductively coupled Plasma Mass Spectrometry (ICP-MS).

1.2 Fundamental Aspects of Plasmas

A plasma is electrically neutral when the dimensions of the
. o scs 2
discharge column are significantly greater than the Debye length )\D.

1/2

which defines the distance over which a charge imbalance may exist,
where
Eo is the permitivity of free space
k is the Boltzmann constant
Te is the electron temperature
n is the electron density

e 1is the charge on the electron



Ionisation, essential if the discharge is to be initiated and
maintained, 1is caused by <collisions between electrons and gas
molecules. If the collision is 1inelastic -~ i.e. results in the
transfer of usable energy from the electron to the molecule - the
latter will be ionised or, if insufficient energy is transferred, then
a higher energy state of the molecule results in which the excess
energy can be stored in rotational, vibrational, and/or electronic
excitation, as well as in translational energy. Meanwhile the impacted
electron gains its lost kinetic energy from the electric field that
exists in the plasma, which accelerates it until the next collision.
If the pressure in the system is too high then the distance between
collisions (mean free path) is too short, resulting in insufficient
energy gain by the electron between collisions to ionise the gas
molecules. Conversely, too low a pressure results in too long a mean
free path such that few collisions occur and hence they are no longer
important. Balancing these two extremes results in a typical operating
pressure for plasma polymerization systems of 0.05-10 torr. At charge
densities of ca. 1010 cm_3 this gives a calculated average lifetime of
an electron against recombination of about a ndlliseconds, with average

s - . 6
electron velocities, ¢, between collisions given by:

E= 2 1/4
3
m

where M is the mass of the heavier particle
€ is the electron charge
E is the electric field
A is the electron mean free path

m is the electronic mass
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The electron energy distribution described in terms
input,

of energy
discharge dimensions and gas pressure lead to the Maxwellian
. , . 1 s .
distribution shown in Figure 1.2

08 Y T v T T Y T v Al T 1
I <
OTpy7<@ =0ev. .. Maxwellian
o6f ]
05 : T
flo  oaf 3 I
O3}/ . <€) =2 OeV
': ’ - .\“\i‘\ h
02# ’ ‘\ S
) \\ §‘-‘
il Y \\‘..
. " U €>=30eV :
0‘ A \“\\ ~"-. /
Ob—4———4%—4¢ ¢ —¢—7 8 9 10 1
€ (V)
FIGURE 1.2

Maxwellian energy distributions of electrons
in an inert gas

be replaced in

Numerical solutions are only possible for simple systems, but can
practice

by experimental analyses using probe
8 .
measurements and electron sampling

(see below).

Suffice to say that
the electron energy distribution is such that,

though extremely high
energies can be reached by a few electrons,

2—3ev4, i.e.

the average energy is
below the ionisation threshold of most organic molecules,
since these are typicallyzl10+ev. Much of the chemistry involved in
plasma chemistry - in particular plasma polymerization

is therefore




likely to be connected with excitation, rather than ionisation, of the
molecule and resulting fragmentation mechanisms. However, it is also
possible that some molecules undexrgo excitation and dissociation due to
the vacuum ultraviolet (VUV) emission of the gas - e.g. for an argon
plasmalo. Such emissions can be used as the incident radiation in

surface modification or photopolymerization.

TABLE 1.1 Energies associated with a glow discharge and
some typical bond energies

Energies (eV) associated with a glow discharge:

Electrons 0-20
Ions 0-2

Metastables 0-20
Visible/UV , 3-40

Bond energies (eV):

C-H 4.3 Cc=0 8.0
C-F 4.4 C-N 2.9

c-C 3.4 c=C 6.1




1.2.1 Plasma Diagnostics

As mentioned above, numerical solutions to find the electron
temperature - and density - of a plasma can only be applied to simple
systems. More complicated situations can only be solved by practical
means, i.e. by the use of plasma diagnostic tools and techniques. A
short review of various diagnostic techniques has been presented by
Tillll. Briefly, they can be divided into three main groups dependent
upon ‘the position of, and interference caused by, the analytical probe;
i.e. in situ non-intrusive, in situ intrusive and ex situll. Some of
" the more popular in situ techniques used over the years have been

(Langmuir) probe methods,a'12

whilst optical analysis of the spectral
output of a plasma13 is perhaps the most non-intrusive method, together
. 14 . 15 .
with laser/laser fluorescence , infrared and other spectroscopic
. 16,17,18 . .
techniques. Of these latter, the use of a matrix (eg a solid
Argon matrix) to trap out and isolate the reactive plasma species
7 . . .
before spectroscopic (eg IR) analysis1 requires a physical sampling of
. . 18a,b
the plasma effluent, as do most mass spectrometric techniques.
This sampling is usually achieved by placing a small orifice
immediately downstream of the discharge region to create as little
disturbance to the plasma as possible. Obviously, this situation is
not ideal, for, in addition, the species which are actually sampled
will not be exactly those which are generated in the heart of the glow
discharge region. Rather, they are more 1likely to be the related
products of the excited state species produced "in glow". This in
itself raises an important point with respect to all plasmas, and in

particular depositing/polymerising systems - the natures of the excited

species produced on the actual glow region ("in glow"™) are different



from those produced in the non-discharge (or "out of glow”) regions.
The main reason for this 1lies in the differences in density,
temperature and distribution of energies of the electrons in the two
regions; since these in turn cause differences in the degree and
nature, of ionisation and other excitation processes. Hence the
relaxation processes and -~ for a plasma depositing/polymerizing system
- the molecule fragmentation processes are altered, modifying the
deposition mechanism(s). Thus the nature of the polymer films produced
is related to, and affected by, the electron energy and density
distribution functions. Since both quantities are affected by
parameters such as the shape of the plasma reactor, the nature of the
discharge means (electrodes, microwave, inductively or capacitively
coupled etc), which in their turn affect the nature of the excited
species formed and the deposition/polymerization mechanism, it follows
that the nature of the polymer films formed - including chemical
composition and properties - should also be dependent on these
parameters. Any diagnostic insight gained into the true nature of the
excited .species, in situ and undisturbed, is therefore important in
giving the plasma chemist some idea as to the nature of the species
actually causing the deposition process - i.,e. the polymerization
mechanism. The less the diagnostic technique used interferes with the
actual plasma and plasma processes, the more accurate the picture
gained. Thus techniques such as quadrupolar mass spectrometrylec, and
optical/spectrometric methods are useful since they do not disturb the
plasma, whilst more novel methods, such as the use of sound waves,19a
and wave guides19b have also been employed. Theoretical investigation

2
of (less complicated) systems continues.




1.3 Plasma Techniques

There are various separate components which make up a plasma
system. Chiefly, these comprise the actual chamber or reaction vessel,
together with a suitable pumping system to achieve the required base
and operating pressures (these can be as low as 10-6 torr up to
10-'10 torr); a source of electrical power and the means to couple this

power to the vacuum system. This is illustrated schematically in

Figure 1.3

ELECTRICAL POWER ~ COUPLING MECHANISM -PLASMA ENVIRONMENT

:
nc RESISTIVE E:?JR:SE:JE
- [ CAPRCITIVE ( GAE FLOW AND TEMPERATURE
RF
INDUCTIVE
MICROWAVE J REACTANT PHASES
) ELECTRIC AND MAGNETIC

FIELDS

FIGURE 1.3 Elements of a Glow Discharge System

Note that whilst resistive coupling mechanisms, used in dc glow
discharges, are examples of direct coupling, capacitive and inductive
techniques are examples of indirect coupling neans.21 It is the last
of these methods - the inductively coupled plasma - which is used

throughout this work, obviating the need for electrodes within the
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system (the presence of these disturbs the electron density
distribution in the reactor chamber that might otherwise be found if an
external power source is used, due to both the physical presence of the
electrodes altering the shape of the deposition chamber, and also the
creation of a plasma sheath at the interface between the electrode
surface and the plasma). Use of an ICP results in deposition occurring
throughout the reactor under appropriate plasma conditions (as opposed
to on the electrodes in a DC resistively coupled system), with high
controllability of the plasma operating parameters. However, indirect
coupling mechanisms can only be used with frequencies higher than
lMszz; any lower and direct contact of the electrodes with the plasma
is necessary for sufficient energy transfer to take place to sustain
the plasma. Many frequencies have been used, from 60Hz (AC) to
13.56MHz (RF)23, though few studies have been carried out to determine
the nature of the product/s of a given plasma with exciting
frequencyzq. This is in marked contrast to the investigation of
various other parameters, such as (electrical) power, flow rate of
monomer, pressure-and-shape-of system etc., and their effect on the
plasma sustained and the nature of any product (polymer) formed.

Typical operating parameters are given in Table 1.2.

Power Input Pressure/torr Frequency/Hz
DC 10-100v / 1A 0.001-760 -

RF 0.1-150 0.01-1 60Hz~13.56MHz

TABLE 1.2 Typical Discharge Operating Parameters
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Attention has so far been focused on DC and ICP discharges; in
comparison, microwave discharges are less stable at 1low pressures.
Since an increase in pressure generally leads to an increase in the
(monomer) gas temperature, which in its turn can cause decomposition of
organic species, microwave techniques are 1less common in plasma
polymerization work. However, all three techniques are commonly used

in plasma chemistry - and physics - as a whole.

1.4 Reactive Species in a Plasma

Since a plasma is sustained principally by electron impact
excitation, resulting in ionisation and excitation processes, the
reactive species found in the plasma state will include ions, neutral
species, atoms, metastables and free radicals (all in either their
ground or excited states). The latter two species are produced by
fragmentation of gas molecules ("monomer"™ molecules if it is a
depositing/polymerising system) in either the ionised, or an excited,
state, whilst the concentration of neutrals is quite large (typically
1016cm--3 at 1 torr22). The total numbers of positive and negative
species are the same to effect overall neutrality, and are typically
some 4~6 orders of magnitude less than the number of neutralszs.

The above situation is further complicated by the presence of
accelerated electrons, forming a highly energetic "soup" capable of
achieving reaction activation energies not normally achievable by
conventional (thermal) . The resulting reaction mechanisms enable

organic compounds not normally thought of as monomers for

polymerization (eg benzene and other aromatic compounds) to be plasma
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FIGURE 1.4 Collision Processes in a Plasma

deposited as organic thin films. These films - alias plasma polymers -
are a product of the highly reactive intermediates formed in "the plasma
gaseous state, though the actual mechanisms of deposition can be quite
complex, often involving extensive molecular rearrangements such as
those shown in perfluoroaromatic compounds.26 Overall, the resultant
films can have structures very similar to conventional polymers
obtained from, for example, vinylic compounds (conventional monomers)
but are more 1likely to be highly crosslinked due to free radical

reactions. The actual nature of the film will depend on the nature of
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the monomer used together with the reactor system and the experimental
parameters selected. An example of this occurs with fluoroethylenes
which, as shown in Chapter 2, possess a number of CF3 and CF2

functionalities together with quaternary carbon hydrocarbon

environments even when the original compounds contained none of these.

1.4.1 Pplasma Reactions

"In general terms, typical reactions which occur in a plasma
involve the following:27
(a) Generation of reactive species
(b) Isomerization
(c) Oligermerization and dimerization
(d) Elimination

Study of these reactions falls within the realm of plasma
diagnostics described earlier. In general, most plasma reactions can
be described as:-

A * bilization
M Excitation - M Bond Breakage - I Stabilizati » Product

Where M* is the excited neutral or ionic species and I is the neutral

. .. . 28
or ionic intermediate.

1.5 Plasma Applications

Concentrating on the “cool" (as opposed to "hot") plasma, there
are two main areas in which applications have been developed - surface
modification of surfaces (especially polymers), and plasma synthesis

techniques (again, mainly of polymers).
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1.5.1 Surface Modification
(a) Direct Modification

Direct modification of surfaces using a plasma generally
utilises a non-polymerizable gas (such as fluorine or oxygen) in order
to alter the properties of the surface. The first technique of any note
is that of surface grafting,29 in which the polymer surface is exposed
to a plasma such that activation of the surface creates radical sites.
This " in turn initiates a conventional (free radical) polymerization
process at the surface when the graft monomer is introduced into the
reactor in the absence of a plasma. Alternatively, a technique known
as CASING - crosslinking by activated species of inert gases - has been
used to improve adhesive bonding,30 wettability31 and printing of
polymers. Here the modification is effected by direct and radi-.ative
energy transfer from plasmas excited in inert gases.

Surface modification by plasma etching has been suggested
to be of great importance, particularly in the microelectronics
industry32—38. Fluorocarbon gases are used to fluorinate surfacesBz-33
(possibly thought to be via gas phase formation of highly .reactive
fluoride ions), whilst plasma oxidation can be used to create low
energy, hydrophilic surfaces on, for example, contact lenses, thus
making them more comfortable to wear.39 This occurs by introducing
carbon-oxygen functionalities into the surface which being hydrophilic
themselves, gives the suxrface its overall "water-loving™ property.
Other functionalities and hence properties, can be introduced into
similar or other surfaces simply by replacing the oxygen in the

oxidation chamber by any suitable etchant desired, such as sulphur

. s . 41 .
dioxide, 80240 or even other organic compounds, The area continues
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. . . 42 , . .
to attract interest, eg in review form, whilst expanding to include
modification of "unconventional" polymer surfaces, such as fluororesin

. . . 44
composites,43 amorphous carbon, diamond and graphite films, and

liquids.45

(b) Indirect Modification

In addition to the above techniques of direct surface
modification, the intrinsic properties and characteristics of plasma
polymers have been used in order to modify the overall behaviour of a
surface by coating it with a thin plasma polymer film. These
properties derive from the fact that film deposition is a gas-phase
process without the need for solvent evaporation - which 1leads, in
general, to a "pinhole-free", three-dimensional network that is usually

highly crosslinked and has no distinct repeat unit as found in

conventional polymers. Hence possible uses have included, amongst
35 . . 49,50 . . .

others ~, as protective coatings , whilst other applications are

dealt with later on - including surface modification of carbon fibres

and composites, both of which are becoming increasingly important in
industry (modification often improves the physical properties of the
material). Thus, for example, deposition of an acrylonitrile plasma
polymer on a carbon fibre surface was found by Dagli and Sung46 to give
a substantial improvement in both interlaminar shear and flexual

4 . 47
strength. Other work has continued on blocks 8 as well as fibres.

1.5.2 Ppolymer Synthesis
This has been a particularly active area of interest, especially

with regard to organic and organometallic compounds, since the
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processes offer advantages over conventional polymer synthesis. These
can be in the form of the type of "monomer"™ used - for example benzene,
of no practical importance for conventional polymerization techniques
and reactions due to the aromatic nature of its unsaturated carbon -
carbon bonds, is Jjust as easily "polymerised” in a plasma as is the
more conventional monomer ethylene - to the incorporation of other
functionalities (such as fluorine groups of organometallics) to alter
the bhysical (especially electrical) and chemical properties of the
film/polymer deposited/formed. It is this area of synthesis and
applications that is explored in a major part of this work and which is

therefore considered next.

1.6 Plasma Polyvmerization

As stated at the beginning of this Chapter, a plasma is a gaseous
state consisting of ions and excited states together with electrons,
the whole being in overall electrical neutrality.

If a plasma is induced in the pure vapour of a compound then the
formation of ions and other excited species of that compound results.
These and other species formed from various fragmentation pathways may
lead to deposition of thin films from the gas phase, commonly known as
plasma polymers. Note that, (i) though most often deposited as thin
film coverings on substrates, such as gold or aluminium, this need not
always be the case - experimental conditions may result in the
formation of "free standing"™ polymer that is not attached to the
substrate (this has been noted by both Yasuda and Till and was also
observed by the author for the plasma polymerization of

1,1~difluoroethylene, in which "strands" of polymer were deposited
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throughout the reactor and not just on the reactor walls and substrates
placed within the plasma chamber) or even oils rather than solids;
(ii) though called a "polymer", the structure of the deposited material
may bear little resemblance to any polymer synthesised by so called
conventional techniques (such as radical, cationic and anionic
solution-state polymerization) - many plasma polymers are in fact
highly cross-linked networks with no distinct repeat unit such as would
be found in polyethylene or polystyrene; hence the term plasma
deposition can be, and often is, substituted for plasma polymerization;
(1ii) the range of materials that can be deposited can range from
organic, through organometallic to inorganic compounds, with systems
giving rise to deposition from many compounds not normally regarded as
conventional monomers (for example benzene, tetramethyltin and
silanes). The realm of inorganic depositions, though of increasing
importance in industry is outside the scope of this work, which
concentrates on plasma polymeric films deposited from vinylic systems
containing cyano functional groups, in particular 2-chloroacrylonitrile
and allyl cyanide. First, though it is useful to survey the field of

organic plasma polymerization as a whole.

1.6.1 Organometallic Systems

Until 1986, much of the work in this area had been dominated by
Suhr22 and his co-workers. Overall, successful depositing systems were
achieved by avoiding high electron temperatures and elevated
temperatures, since these cause damage to the organometallic molecule.
Further, by controlling and varying the metal content of the resultant

films, substantial changes in conductivity could be achieved.
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This is particularly true for films deposited from

51,52

tetramethyltin, which have been found to have a reaction time of

only a few seconds to changes in electrical resistance, and hence

conductivity. This can be induced by exposure to propane, thus enabling
. 53 . .

their use as gas sensors. The converse behaviour is true of

organo-gold compounds, where it is the electrical resistivity which is

. 3 . . .
the important controllable property.5 Interest in this particular

54,59

area has blossomed, with optical emission spectroscopy being used

. . . 1
as a diagnostic tool to monitor the plasma.so'6

62,65

Indeed, interest has

increased in general, with other metals incorporated including
66 . 67 ,

mercury, iron, (both in the form of ferrocene and also iron
68 . . 65 .

carbonyl ), palladium and nickel. Potential use of such compounds

include the idea of using Bussn methacrylate as an antifouling

. s . 69

pesticidal coating.

It should be noted that, for the majority of these polymer films,
the metal atoms can be incorporated as grains dispersed in a "matrix"
of organic polymer.70 This could result in a substantial amount of
metal incorporation uniformly distributed throughout the film,
depending on experimental conditions. An alternative, non-uniform case
is aggregation of metal at the surface such that the top layérs of film

. 59 .
are no longer representative of the bulk. This affects the
application here of some analytical techniques - eg IR spectroscopy
would probably not pick up such an imbalance in metal distribution in
the film, especially if the overall metal content remains more or less
constant, whereas a surface sensitive tool such as XPS/ESCA should be
ideal in these circumstances. Further ways in which the metal atoms

. . . 4,68
are incorporated into the polymer films are as metal clusters,5 »6 or
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else by actually being bonded into the film by a metal-carbon bond,
rather than by simple physical incorporation (Till obtained some
evidence from mass spectrometry studies to suggest that this was the

. . 71
case for the incorporation of mercury into PFB films).

1.6.2 QOrganic Systems
The remaining organic polymerizing systems can be split into the
folléwing subject areas, namely pure hydrocarbons, hydrocarbons with

functionalities other than fluorine, and fluorocarbons

(a) Bydrocarbons
Earlier reviews in this area, and of plasma polymers in general,

- 7 78-82
have been presented by Yasuda,72 75 Shen and Be1176'7 et al35' 8-8

. . R . 3-

whilst the topic continues to attract attent:.on8 85. Areas of
. . . . . , 86 . 87
interest include biomedical applications, vacuum lithography, and
catalysis in plasma polymerization.88 Many of these works attempt to
explain the possible mechanisms of plasma deposition, whilst others
concentrate more on the characterisation and characteristics of the
polymers formed, with a view to potential applications. Whilst some

. 89-97
authors have concentrated on more conventional "“monomers", others

have branched out into the field of aromatic compounds.%'-103 In
addition, work has focused on trying to elucidate and understand the
influence of the various experimental parameters (such as the role of
the elemental composition of the starting monomer,104 the influence of
different reactor designs105 and energy coupling mechanism396’106

. . . . 7
including the effect of this on the power input to the system,10 - and

the role of different gases in the system, whether polymerizable in
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, 1 1
their own right, or non-polymerizable such as argon). 08,109 Other

studies’ have investigated the effect of outside influences on the

system, such as the effect of externally induced magnetic fields,110

111
and of ion bombardment of the substrate. All these works have
investigated aspects of both the nature of the polymer films deposited
(both in terms of physical properties, such as conductivity of the

surface, and chemical structure and bonding) and the

deposition/polymerization species and mechanisms.

(b) Hydrocarbons with Functionalities other than Fluorine

There is a scarcity of 1literature in this particular branch of
potential monomers, the majority of work being carried out using either
compounds with oxygen functionalities already in situ (such as methyl

112 113 .
methacrylate or allyl alcohol ), or else nitrogen. The latter has
been shown to be incorporated into thin films by polymerising a monomer
. . 115 .
such as ethylene, in the presence of nitrogen gas, Though at first
sight this might seem surprising, it 1is mno more so than the
incorporation of gold or mercury atoms in a film surface when they are
introduced to a plasma system in their atomic vapour form. The
resultant incorporation can alter physical properties of the film, such
. . v 115 .
as the dielectric constant and breakdown strength. An alternative
to merely physical incorporation of nitrogen is the existence of
nitrogen functionalities within the monomer 1leading to chemical
incorporation of nitrogen in the plasma polymer films. Thus allylamine
. . 115

has been used to synthesise reverse osmosis membranes and other

113

. . 116
films, as have pyrrole and benzylamine. However, the

incorporation of such specific functionalities into a plasma polymer is
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generally considered to be difficult - eg acid fuctionalities have a

tendency to eliminate as CO The important factors here are the

2"
operating conditions and the nature of the monomer. However, a number
of studies have concentrated on organic compounds containing
. \ 116-~122 . . . : . .
cyano/nitrile groups - including acrylonitrile - and it is to
this family of potential monomers that this work is mainly devoted.
Finally in this section, it should be noted that there is no
reason why any other functionality should not be directly incorporated
into a plasma polymer system, providing that a suitable choice of
116

starting material is made. Thus, for example, thiophene,

iodomethane123 and allyl iodide124 have all been studied.

(c) Fluor rbon

Study of these compounds in a plasma and their resultant polymers

account for a large proportion of the current literature. Subdivided
according to monomer type, saturated fluorocarbons - especially
fluoromethanes - are perhaps more useful as etchants and for surface

fluorinating processes (see earlier section on surface modification)

125-132

rather than as monomers for plasma polymerization. This is in
marked contrast to the fluoroethylenes133 - " especially
tetrafluoroethylene134 - which have attracted a high degree of

interest, combining as they do the functionality of carbon~fluorine

bonds together with unsaturation. The third class of fluorocarbons are

the fluorcaromatics, which + perhaps unlike their pure hydrocarbon
analogues - have also been extensively investigated, especially by
Munro and Till.135 For a fuller description of fluorocarbon plasma

polymers as a whole, and of perfluorobenzenes in particular, references
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135 and 136 which give a view of the field in general and of

. . . 1
perfluoroaromatics in particular. 35

1.7 Plasma Deposition Mechanisms

Although the formation of polymers and other thin films by plasma
techniques has been known for years,137 the detailed mechanisms
involved are still not fully understood. Classified by Yasuda into
'plaéma-induced’ polymerization and 'plasma-state’ polym.erization,138
the plasma processes in the first case involve initiation of a
conventional polymerization mechanism in compounds containing
polymerizable structures - such as vinylic bonds - (e.g. by creation in
the plasma state of free radicals which then initiate a conventional,
chain growth radical mechanism on the substrate surface); whilst in
the second, the processes - and excited species - involved in the
polymerization/deposition of the (polymer) f£film are anything but
conventional, possibly involving a variety of excited states, radicals
(including diradicals) and possibly even ions. Note that both sets of
processes can occur simultaneously in any given plasma system.139 Thg
final product is determined by the competing deposition processes,
together with polymer ablation. i

The overall schematic mechanism of plasma polymerization has been
termed CAP - Competitive Ablation and Polymerization139(see Figure
1.5). Thus, in plasma etching, it is the ablation processes which
dominate, whereas in depositing systems it is the polymerization
processes. This can be illustrated practically in the case of carbon
tetrafluoride, CF,, which is believed to have an abundance of highly

4

reactive fluoride species created in its plasma, and hence is of use as
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an etchant,140 whereas in fluoroethylenes the vinylic nature of the
compound might be expected to¢ dominate. This seems to be the case,
such that plasma polymerised films deposit rapidly, the analysis of
which by ESCA (Electron Spectroscopy for Chemical Analysis) reveals a

stoichiometry consistent with the elimination of hydrogen fluoride.141

STARTING GAS
PLASMA
— TS
MATERIALS — ’P;I'Q@lgt_
. /
Plasma state polymerlsahan /
el /
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SPECIES N
' /
Plasma ' Ablation
\ ! ]
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/
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|
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. /
l / Vapour phase
N
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FIGURE 1.5 Competitive ablation and polymerization in
glow discharge polymerization
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This was found, by the author, for the three monomers vinylidene
fluoride (CH2=CHF), 1,1-difluorcethylene (CH2=CF2) and
trifluoroethylene, 1,l1-difluoroethylene in particular depositing so
rapidly that strand-like samples of the polymer were physically
collectable in addition to the usual thin film deposited on a substrate
(aluminium foil). This suggests that the dominant species in the
plasma are not fluoride ions, but rather that the fluorine is perhaps
eliminated molecularly, either by 1,1 or 1,2 molecular elimination of a
combination of H2, HF and F2. If this is so, then it would suggest the
utilisation of Rydberg states as well as valence shell orbitals in the
excited states. Both can also result in scission of the carbon -
fluorine bond, and hence the possibility of (etching) fluoride ions
dominating in the gas phase (NB the C-F bond has an dissociation energy
of 4.4ev;142 many of the electrons available for impact excitation have
somewhat larger energies than this (see Figure 1.2) ).

Thus, possible mechanisms for dissociation of vinylic compounds in
general are via 1) electron impact excitation of a 4T electron into a
Ty * or Rydberg orbital, 2) the capture of an incident electron into a
low 1lying orbital. Both will tend to give rise to unimolecular
decomposition of the excited states/radical ions formed.143'144 In the
case of electron capture, if the carbon-carbon double bond is
substituted - as is the case in both chloro143 and fluoroethylenes144
-then chloride and fluoride ions respectively will be formed. At first
sight, this might seem to rule this process out as a possible route to
plasma deposition of fluoroethylenes, since an abundance of fluoride

ions will give rise to an etching rather than a polymerising system.

However, for chlorine-containing molecules, it is known that the
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chloride ion yield is highest when the carbon-chloride bond lies out of
the nodal plane of the ii system, since the temporary anion formed by
electron attachment is then found to be in a repulsive state such that
. . . . . 143 .
chloride ion appears with a very large kinetic energy. However, in
chloroethylenes (and chlorobenzenes), the C-Cl bond does lie on the
nodal plane. Thus, symmetry of the ground states of the potential
fragments of dissociation from the repulsive state no longer permit
their formation adiabatically by direct dissociation of the initial
anion. Instead, the ground state fragment symmetry necessitates a
L
predissociation mechanism which distorts the anion from its original T¢
143 - . . .
) symmetry. Any excess energy of the system is channelled primarily
into the various vibrational modes of the organic moiety such that the
resulting fragment is released with less kinetic energy than if direct
dissociation had taken place. This is similarly so with
144 . . . .
fluoroethylenes, where the formation of fluoride ion is formed, but
not usually as the dominant channel; rather the formation is preferred

of species such as C=CH -, C=CHF—, C=CF, and FHF_, all five resulting

2
from dissociation from the resonance. Note that this is equivalent
to 1,1 molecular elimination - had the dissociation process involved

1,2 elimination (either molecularly or its step-wise equivalent) then
the resultant biradical would be of the form 'C=C°, which would
preferentially rearrange to form the acetylenic compound rather than
undergo -radical recombination reactions. Indeed, Yasuda et al139 have
often observed such acetylenes as by-products of polymerizing systems,

and consider their formation to be an integral and important part of

the overall plasma deposition mechanism.
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Overall, such mechanisms - whether unimolecular dissociation from
excited states or radical anions - could certainly account for at least
part of the fluorine loss observed in the fluoroethylenes, even if they
may not perhaps be the dominant pathways. This contrasts with the
observations for electron capture in acrylonitrile and benzonitrile,
where it was found for both compounds that the energetically most
favourable dissociation channel is cleavage of the C-CN carbon carbon
bond ‘to give R™ + CN 145. The electron capture again occurs into a
molecular orbital with ‘T3 character. However, this also appears to be
true for saturated nitriles, which similarly qissociate to give the
cyanide ion.145 In all the nitrile compounds studied, the electron
cross-sections were unusually low; further, since there was virtually
no kinetic energy release in the resultant fragments which, apart from
CN , were observed to include (M-H) and (M-Hz) anions. This would tend
to support the idea that a predissociation, rather than direct
dissociation mechanism occurs.

The above discussion illustrates the possible role of symmetry
qontrol in bond cleavage processes in unsaturated compounds - although
there is no reason why this cannot be extended to organic molecules in
general. Similarly, though the above studies were carried out under
non-plasma conditions, there is no reason why symmetry could not play a
role in plasma chemistry, and in plasma polymerization in particular,
since most dissociation mechanisms in the excited state are influenced
by the symmetry of the excited state concerned as well as
thermochemical considerations (for example activation energy of the

transition state involved, bond dissociation energies etc). This

concept of symmetry control is, therefore, bound up not only in
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dissociative electron attachment mechanisms, but also in other
fragmentation mechanisms involving excited states - including those
accessed by electron impact excitation in the plasma state, and by
photonic excitation in photochemistry. Further, since symmetry is
dependent on the excited state involved,143 it is therefore dependent
on the nature of the excited molecule - i.e. whether they are Rydberg
or valence-bond in character. This aspect 1is particularly true in
photochemical systems, which have been extensively studied in the
literature (see Chapter 5). Since it is known that organic thin films
can be deposited using ultra-violet photochemical techniques, and that
these films can be very similar in nature to those deposited in a
plasma system,125 we can conclude that the mechanisms and excited
states involved in both processes are not dissimilar. Hence, |if
symmetry aspects and the nature of the (excited state) orbitals
occupied is important in photochemical deposition, there is no reason
to suppose that they might not be in plasma polymerization mechanisms
as well.

The idea of a reaction mechanism - or pathway - including not only
the transition state(s) involved but also the fragmentation paths to
produce the species actually responsible for film deposition is not
new. Yasuda139, amongst others, has suggested the importance of
biradicals in the actual polymerization growth mechanism. It is
therefore worth noting that dissociative electron attachment and
molecular eliminations from both valence and Rydberg orbitals147 can
give rise to the formation of biradicals, as well as successive (free

radical) fragmentation of two bonds on the same carbon atom (e.g. CH4

-=> CH2+2H) and so cannot be entirely ruled out as dissociation
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mechanisms in the plasma. That free radicals are important in plasma
polymerization (although not essential for a plasma itself to exist)
has been shown by numerous workers, among them Munro and Grunwald,121
who demonstrated that the introduction of iodine - a known free radical
scavenger - into a depositing acrylonitrile plasma system caused an
immediate and large drop in the observable glow discharge volume. On
analysis, the substrates which were placed outside of the glow volume
were found to have little or no film deposition on them, whilst those
placed inside were found to be rich in iodine (which was also found to
have effectively "doped" the system and altered its conductivity from
that of an insulator almost to that of a semiconductor).

Further evidence for the role of radicals can be obtained by ESCA
analysis of fluoropolymers109 which reveal that, even for those systems
which do not contain fluorine other than singly bonded to carbon, it is
possible to obtain CF2 and CF3 functionalities. The latter are
particularly to be found in plasma polymerised fluoroethylenes and
perfluoroaromatics, and must involve free radical combination of
fluorine with, say, CF2 biradicals. Such biradicals are therefore
important as building blocks in the growth of plasma polymer films.
Whilst it is possible that plasma-induced polymerization may, in fact,
be a cause of plasma deposition139 one might also suggest that a direct
step growth (rather than a chain growth) mechanism is responsible for
plasma deposition. In theory, the latter requires only one activated
species to cause 100% conversion of monomer to polymer - although, in
practice, somewhat more than a single initiating species is required

due to the possibility of termination steps. Nevertheless, the majority

of molecules present under this mechanism will not have been activated.
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In a‘-typical plasma, the electron density is sufficiently high to

ensure that most molecules will undergo collisional activation of some

sort. Thus, a primary requirement of step-growth polymerization - the

separate initiation of each step of polymerization - is satisfied. A

way in which biradicals promote step—-growth, whereas "single" radicals
. 148

such as CH, cannot, has been suggested schematically by Yasuda (see

3

Figure 1.6) a simplified version of which was first proposed by Yasuda

and ’fsu149 in 1978 (a fuller discussion can be found in reference 139).
Cycle |
1
Me+ M M;-M-*
My My + 'M‘ M-M;
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FIGURE 1.6 Proposed Rapid Step Growth Mechanism

For Plasma Polymerization
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Figure 1.6 shows that after initial excitation of the species M,
either to form the excited species M* or more particularly to generate
the biradical :Mk, the propagation mechanism is postulated to be mainly
free radical in nature (M:* itself becomes the analogous free radical
M). The role of the biradicals can easily be seen - note that, unlike
single radical recombination, the addition of a biradical does not
quench the radical nature of the resultant product species. If a
termination step occurs then further polymer growth can only occur by
subsequent excitation of the newly formed (and quenched) species by the
plasma. However, biradicals need not be limited to merely propagating

chain length, since processing two active sizes makes them ideal for

bridging chains. This could equally be true of any species M:.

. . ) CH (

An important bulk property of plasma polymers is that of a large
quantity of free radicals trapped within the polymer matrix during film
formation. This is due to a steady state concentration of activated
species not being reached in the plasma, such that those quenched in
film formation are not balanced by the quantity formed. Thus the
growing film incorporates one part of the activated radical (or
diradical) so rapidly that it can be trapped within the cross-linked
matrix before its active site has a chance to be quenched by another

incoming radical. Being reactive in nature, the presence of large
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numbers of such trapped species in the film may affect the performance
in particular applications, especially as any subsequent quenching (for
example by atmospheric oxygen molecules) will tend to modify the film’s
properties, possibly even nullifying its usefulness. Evidence for the
presence of radicals in the film surface comes from Electron Spin
Resonance Spectroscopy (ESR) which has shown that the quantity of free
radicals present is related to the chemical structure of the film
(saturated aliphatic hydrocarbons yield the lowest, highly unsaturated
monomers the highest, level of trapped free radicals within polymer
filmsl49).

Throughout the above discussion, reference has been made mainly to
radicals, rarely to anions, and not at all to catioms. Yet, by
definition, these latter exist in sufficient abundance to affect the
chemistry occurring both in the gas phase and also on the polymer
surface. Clark et al proposed that radical cations were responsible
for polymer formation, particularly in the <case of the fluoro-
ethylenes.141 However, the formation of organic thin f£films by
irradiation with ultra-violet 1light in similar vacuum systems146 has
shown that it is possible to obtain chemical compositions akin to those
obtained by plasma polymerization methods for the same starting
compound,146'151 even if the deposition rates of the photochemical
process (known as surface photopolymerization) are markedly slower.
The absence of electrons in such a photochemical system, apart from the
few, low energy electrons that might be produced by photoelectric means
from the aluminium substrates used, ~means that energy is imparted to

the system by incident photons rather than by highly energetic electron

impact excitation. At the wavelengths used (principally 174 nm and
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146 . . s . . .
254 nm) there was insufficient energy available to photoionize the
monomers (many organic molecules typically have ionization energies in
152 . . .
excess of 8-10ev , an equivalent photon energy to which is only
achieved below 150 nm); hence radical cations were not present in the
system and do not have to be invoked in the surface photopolymerization
mechanism. In view of this evidence, it is quite possible that radical
cations play 1little role in plasma polymerization either, although
important to maintaining the plasma state. Furthermore, a recent study
has shown that, far from acting as polymerising species, incident ions
at a polymerising surface can actually act in favour of the ablative
. 153 . . .
part of the CAP mechanism, a situation somewhat similar to the
. . . 140
effect of fluoride ion on fluorocarbon etching systems.
The above view is somewhat counterbalanced by the work of
Kobayashi and co-workers, who claim that, in the plasma polymerization
of a mixture of methane, ethylene and hydrogen gas ionic species are
important for f£ilm formation, whilst the role of single (methyl)
radicals appears to be promotion of the growth of diamond particles in
the film. This idea of nucleation, or cluster, growth has also been
noted in other plasma systems, including organometallics.
Overall, current thinking emphasises the role of all activated
species in sustaining the plasma state, but the importance of radicals

- especially biradicals - in plasma polymerization in particular, with

the emphasis on a step growth, rather than chain growth, mechanism.
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1.8 SUMMARY

This chapter has attempted to introduce the reader to the concept

of a plasma, and to the reactive species that exist in it. In
particular, plasma technology - whether used for surface modification
or plasma synthesis - is increasing in importance. Where organic thin

films are produced by plasma polymerization techniques, it has been
shown that the nature of the film - both physical and chemical -
deperids on the type of starting material and reactor system used, as
well as experimental parameters such as the power (W) and flow rate (F)
of monomer delivered to the system. The latter are often expressed in
terms of Yasuda’s parameter W/E‘M,139 where M is the molecular weight of
the monomer used, in an attempt to correlate the processes occurring
within a glow discharge system. Such attempts are a part of an overall
aim to understand the deposition processes - and hence mechanisms -
involved. If the "how" and "why" of the process can be understood then
perhaps it can be more accurately controlled. The latter would be of
interest to industry in general - and to electronics in particular.
Therefore this work is devoted to the problem of probing the processes

that occur in thin film deposition by the study of organic thin films

deposited under different experimental conditions. -



CHAPTER 2

PLASMA POLYMERISATION OF SOME FLUOROETHYLENES
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2.1 Introduction

The range of organic compounds deposited by plasma or glow
discharge means is considerable, varying from "traditional™ monomers
such as ethylene or styrene, which can be polymerized by conventional
(i.e. non-plasma) techniques - to non-aromatic,1 and aromatic
hydrocarbons,2 heteromatics,3 organometallics 4 and fluorocarbons.5
The deposited films are usually highly cross—linked networks lacking
basic repeat units found in eg polystyrene or polyethylene, but can
often have superior physical and chemical properties compared to thin
films formed by other methods.6 In particular, since the process
involves deposition directly from the gas phase onto (normally) a
substrate, with no solvent involvement, the result is a thin, pinhole
free, film typically hundreds of Angstroms thick. The high degree of

crosslinking usually means that it is insoluble in most conventional

solvents. However, one possible drawback is that such polymers can
exhibit stress cracking properties - especially if the film is very
thick - when exposed to oxygen or moisture uptake from the atmosphere.
Despite this, plasma polymerization - as well as plasma etching -

techniques have become of increasing importance in such areas of

industry as electronics. Surveys of the current chemical literature

usually reveal increasing uses of plasma polymer films, whether as
. . 7 ., . . 8

membranes for osmosis or gas separation, in protective coatings or

biomedical applications,9 or as conducting or other films within
. 10 . .

electronics. However, of all the potential monomers studied,

, S .
fluorocarbons have attracted perhaps the most attention, whilst the
R - . . A & §
area of nitrile containing compounds - including acrylonitrile - has

shown an increase in recent years.
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2.2 Plasma Fluoropolvmers

The first practical and industrial application of fluorinated
organic compounds was the introduction of fluoroderivatives such as
methane and ethane into refrigerants.12 Since then the increasing ease
of fluorocarbon synthesis has meant that such materials have spread
into many diverse areas of application such as lubricants, water and
oil repellants, together with use in textile finishes, adhesives, fire
extinguishers, anaesthetics and anti-inflammatory drugs, though all
these later areas are of lesser importance than the original. Many
such applications result from the surface properties exhibited by
fluoropolymers, i.e. their very 1low surface free energy and low
coefficients of friction. This can be seen, for example, by the use of
polytetra-fluoroethylene (PTFE) as non-stick coatings in saucepans.

Since plasma fluoropolymers also exhibit the well known feature of
being pinhole free uniformly thin films exhibiting superior physical,
chemical, electrical and mechanical properties,13 the glow discharge
synthesis of such materials has been a particularly active ‘area of
research, especially with regard to applications as membranes.7
However, the highly cross-linked nature of many of the resultant films
- and in particular their insolubility in the usual range of organic

solvents - has meant that bulk sample analytical techniques are

difficult. Rather, surface-sensitive techniques such as SIMSSb and -
in particular - ESCA have increasingly come into wuse, the latter

proving to be an ideal spectroscopic tool for investigating structure
. . . . . 14
and bonding in plasma polymerization in general.
The use of ESCA to study fluorocarbon plasma polymers allows

compositional information to be obtained from the Cls spectrum which
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can then be cross-referenced to the atomic ratios of carbon to fluorine
obtained as a whole.15 Hence, the accuracy of the assignments made in
the Cls envelope can be checked. A fuller account of the general
application of ESCA to structure and bonding in plasma polymer
surfaces, including fluoropolymers, has been presented by
Shuttleworth,15 who, in conjunction with Clark,16 helped pioneer the
application of ESCA to the study of fluoroethylenes in general, and
difluoroethylene in particular. It is this work that has been used as
a basis for the first part of this chapter, the range of
fluoroethylenes being extended to include trifluoroethylene, CHF=CF_,

2

and vinylidene fluoride, CH2=CHF as well as the 1,l1-difluoroethylene
previously studied. The results form a part of the basis of discussion

on plasma polymerization mechanisms found in Chapter One.

2.3 Experimental

2.3.1 pPlasma Polymerisation

Plasma polymerization was carried out in a tubular reactor, Figure
2.1. Aluminium substrates were placed at various distances along a
glass slide, which was then inserted down the length of the reactor
such that the latter was roughly split it into an upper and a lower
half. The reactor comprised the central part of a glass vacuum system.
Flanged joints and the cold trap were sealed with Viton O rings whilst
all other connections were made with Cajon ultra torr couplings on

ground glass. Vacuum taps were sealed with PTFE stoppers.
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FIGURE 2.1 Deposition Chamber

Figure 2.2 schematically illustrates the experimental

. . \ . -1
configuration, which was evacuated using an Edwards ED2M2 2ls or

8ls = mechanical rotary pump. The cold trap was filled with liquid
nitrogen in order to trap out any reactive/waste products before they
reached the pump and prevent any back-streaming of pump o0il into the
reaction chamber. 1In addition, it acted as a pump in its own right,
the whole apparatus giving typical base pressures of circa lo—zmb.
Pressure measurements were made using a Pirani thermocouple gauge.

The reaction chamber was cleaned out before each set of
experiments, and was thoroughly scrubbed with a hard nylon brush using
acetone, detergent and Ajax powder, washed thoroughly with both water
and acetone and then baked in an oven to dry. The needle valve

assembly was similarly thoroughly cleaned before the use of a different

monomer, to prevent contamination between monomer systems.
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The reactor walls and sealing O rings were all found to contain
absorbed moisture and air from the atmosphere if left exposed for any
length of time. The vacuum system was therefore left to pump down
overnight at the start of each series of experiments in order to
achieve a base pressure as near to 10_2 mb as possible. The overall
leak rate of the vacuum system was tested at the start of each
experiment by closing the system off from the rotary pump and measuring
the ‘rise of pressure on the reactor over a period of time. The
experiment proceeded only if the leak rate was very small, since an
unacceptably high amount of oxygen and/or nitrogen would otherwise have
been incorporated into the polymer film during polymerization (some
oxygen uptake will always occur unless the reactor walls are truly
desorbed and the leak rate zero).

In the case of the gaseous fluoroethylenes, which were supplied by
Aldrich in cylinder form, the cylinder head was attached to an Edwards
vacuum needle valve using pressure tubing. This was first evacuated
and then the whole system purged with the monomer in use prior to the
start of the experiment. All polymerizations were carried out under
dynamic flow conditions - i.e. with the Young’s tap to the pump open -
rather than in a static system, i.e. with the tap closed. -

The r.f. power was supplied by a 13.56 MHZ r.f. generator
inductively coupled to the reactor via an externally wound 9 turn
copper coil, and capable of delivering between 0.1-150 watts. The
inductive (coil) load was matched to the generator via an LC matching
network. A DIAWA SW110A meter was used to measure standing wave ratio
(SWR) and rf power (Figure 2.2). Maximum power transfer to the coil

occurred when the SWR was at a minimum, the optimum value being 1.
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After each deposition period, typically 5-10 minutes, the reactor
was let up to atmosphere. Initially, this was done under nitrogen or
argon, before transfer of the substrate and film to the spectrometer
under an inert gas blanket. Once early results had established that
there was no observable difference between the oxygen content of
samples analysed using this procedure and those which had been let up
to atmosphere and exposed to air during transfer, the latter practice
was éxclusively used. However, the whole process was carried out as

quickly as possible to minimise the chance of oxygen uptake.

2.3.2 ESCA Analysis

The films were deposited onto aluminium foil substrates. Once the
plasma chamber had been let up to atmosphere, these were removed-and
mounted onto a three sided probe tip using double sided Scotch adhesive
tape. The tip was then mounted onto the end of a probe and inserted
into the spectrometer. Analyses were carried out on either a Kratos

ES300 or ES200 spectrometer. All irradiation utilised Mg Ka X-Rays,

1,2
having an energy of 1253.6ey. The take off angle normally used was 35°
unless an angle dependence study was undertaken, in which case spectra
were run at 70° as well. i

The ES300 spectrometer was controlled by the Kratos DS300 system
based on an LSI-11 minicomputer running under RT-11. Data acquired was
stored on floppy disc, the repeated scanning of up to 10 regions being
allowed. A data analysis package was available, allowing a full peak
synthesis and filing routine. On occasion the ES300 had to be run in

analogue, rather than digital mode. In this instance the output was

recorded on paper using an X-Y chart recorder as scanning of the
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spectrum progressed, and peak fitted using a Du Pont 310 curve
resolver. Peak areas were then calculated using a microcomputer
programme on an Apple.

In contrast, the ES200 spectrometer, initially equipped to run in
analogue mode only, was "home converted" to digital control using a BBC
microcomputer and home-written software. The spectra recorded were
stored on floppy discs, and could be peak fitted to the same standard
as tﬁose analysed using the DS300 system, again using a locally written
programme. For both machines, component analyses were achieved
following linear background subtraction, using gaussian peaks with a
constant full width at half height. Cls component peak positions were
assigned by reference to the experimentally determined binding energies
of the various functionalities in known standard sam.ples15 and were
constant to within + 0.3ev. The height of each peak component was

found that gave the best chemical fit.

2.3.3 Calculation of Flow Rate

The ideal gas law is considered to operate in the vacuum ranges
used for plasma polymerization, since, at these pressures, gases and

vapours can be considered as ideal. Thus:

PV = nRT (1)
where n = no. of moles of gas

R = gas constant

T = absolute temperature (K)

P = pressure (torr)

V = volume of the system (m3)



43

Differentiating (1) with respect to time, t, and rearranging :

dn = dp V = flow rate in mols 1, x

now, 1cm3 = mol = 4.46 x 10_5 mol

STP 1
22,414
. 3 =1 . .
Therefore, the flow rate in cm STP min is given by
flow rate = x X 60
4.46 x 107>

Similarly, the leak rate, y, can be calculated. dP and dt in each case
are taken to be the increase in pressure, dP, with respect to a

measured time period, dt.

Now, since R = 8.31434 JK-1 mol_1 = 6.24x104 torr.cm3
mol k
and 1 torr = 1.33 mb i
4
then R = 6.24 x 10 x 1.33
= 8.3 x 104 mbcm3 mol--lk_1
The experiments were carried out at a temperature of 288°K (15°C - room
temperature in the laboratory). The reactor had a volume, V = 1000
3

cm .
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Therefore, the actual flow rate, F, is given by

F = 193 x 273 x dp x 60
8.3x10" 2882 dt 4.46x107°
3 . -1
= 53.35 dp cm STPm.1n
dt
NOTE: In the later photochemical experiments (see Chapter 5) the
volume of the reactor used changed. The flow rates were calculated

simply by measuring dP and dt as usual, but altering the volume, V, in
the above equation.

The overall flow rate for the experiment is obtained by
subtracting the observed leak rate from the flow rate. Usually the

former was so small that it could effectively be ignored.

2.4 Results and Discussion

Typical examples of the Cls and Fls core level spectra obtained
for plasma polymerized perfluoroethylenes are shown in Figure 2.3. As
has been noted for plasma polymers of perfluorobenzene, the overall
band profiles of each of the levels studied, and their relative area
ratios, remained more or less constant over the range of operation
parameters used, 80 no mention is made here of the specific
experimental conditions used; in general, however, the typical system
operating pressure was in the region of 0.01-1.0 mb, power delivered to

the inductance coil being in the range 3-70W.
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Before considering the results for all three monomers, it is
worth noting the problems associated with the ESCA analysis of the
samples. These lie principally in 1) accurate deconvolution of the
spectra (or "envelope”) observed, 2) allowance for the contamination of
the film surface (since ESCA is essentially a surface sensitive tool,
any such contamination will be exhibited in the spectra observed).

Surface contamination essentially comes from two sources:

A. The presence of oxygen in the sample - as shown by the Ols
core level present in all the plasma polymers studied, and centred at
approximately 533.5ev. Usually broad, complex and made up of at least
two components due to C-O and C=0 functionalities, the presence of -CO

2

and -C03 is also possible in more highly oxygenated systems. As
mentioned in the experimental section the reactor walls were desorbed
of oxygen by pumping down the reactor chamber overnight prior to each
series of experiments. However, this will never be 100% effective;
further, any leak in the vacuum system, however small, will result in
the uptake of oxygen, especially by the highly reactive free radicals
trapped in the cross-linked matrix during depositionl.7 (see Chapter
One). As oxygen incorporation is typically in the ratio of only one
oxygen atom for every ten or twenty carbon atoms, and it has been shown
that oxygen incorporation will occur even if the reaction chamber is
bolted onto the spectrometer such that transfer between the two takes
place in vacuo, no special precautions were thought necessary. This
was confirmed when films let up to nitrogen or argon, and then
transferred to the spectrometer whilst still under an inert gas
blanket, showed 1little (if any) difference to those let up to, and

transferred in, atmosphere.



47

B. The second source of contamination is evidenced by the
presence of a hydrocarbon peak in the Cls spectrum, arising from three
effects: (i) a thin layer being deposited on top of hydrocarbon
contamination in the substrate,“a (ii) the deposition of hydrocarbon
onto the polymer whilst it is being transferred to the spect:rometer,14
or (iii) the formation of a hydrocarbon overlayer during analysis in
the .':’.pectrometer.l‘ld Clark and AbRahman have shown evidence that (ii)
is résponsible for the hydrocarbon contamination of perfluorobenzene,18
and it is thought that this equally applies to the fluoroethylenes.
However, it is also known that there is an appreciable build up of
hydrocarbon on the film surface during analysis in the spectrometer,
due to "boiling off"™ of contaminant from the X-ray cap and window.19
It should be noted that both hydrocarbon and oxygen contamination were
present for all plasma polymer samples studied in this work.

Deconvolution of the spectra was not carried out in the case of
the Ols envelope, since a detailed knowledge of the oxygen structure
and bonding was not required - only the overall content. The Fls core
level is a symmetrically shaped peak centred at around 689.0ev,
corresponding to the range of fluorine environments found in the Cls
spectrum. Since the respective binding energies of these are very
close in value for the thick films deposited, a single symmetrical peak
resulted. Note that if the amount of film deposited is insufficient to
fully cover the substrate (such that a signal due to the Al2p core
level is visible), then a second peak can appear in the Fls envelope to
a lower binding energy than the original. This is observed for
perfluorobenzene,sb and also for the Cl2p peak in chloroacrylonitrile.

Since the amount by which the peak is shifted in the respective Fls and
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Cl2p peaks is about 2ev, compared to the 4ev expected if metal-fluorine
bonding occurs, the lower binding energy is probably due to the
interaction of the adsorbed monomer with the substrate surface. This
idea has been pursued by Till,Sb as has the idea of the presence of
small 47 --> ii* shake-up satellites some 7 to 8ev removed to higher
binding energy due to transitions accompanying core ionisation of
vinylic C—Fx groups (x=1 or 2), and indicative of unsaturation in the
plasma polymer. This shake-up was not clearly observed for the
fluoroethylenes studied, but has been noted by Dilks.20

Detailed analysis of the ({very broad and complex) Cls envelope
reveals a variety of component functionalities. These have been

15.1§ but

detailed elsewhere for fluoroethylenes in particular,
essentially consist of the following: C (representing carbon atoms not
bonded to any fluorine functionalities), C-CF (carbon atoms bonded to
a CF functionality etc), CF, gF-CFn, CFZ' CF3 and a small
satellite - the 1latter exhibiting, along with the presence of a
step-function, evidence for unsaturation in the polymer film (see
Figure 2.4). The typical energy separation between the primary
photoionization peak and the shake-up satellite is about 7-8ev removed
to higher binding energy, depending on the degree of fluorination of
the parent monomer (7ev corresponding to a hydrocarbon system and 8ev
to a fully fluorinated aromatic compound). The spectrum is further
complicated by the insulating nature of the film, which shifts the
binding energies of the peaks observed to a higher energy, and also due
to satellite peaks removed some 8 to 1l0ev to lower binding energy. The

former is overcome to the hydrocarbon peak, which was taken to occur at

a standard, unshifted 285.0ev, and calibrated accordingly; the latter,
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satellite peaks are the result of using unmonochromatic radiation and
were not analysed further. Both the above are standard practices

throughout this work.

Injected Binding Energies (éV)

Material cF, o, G, CF C, <, oH F
CH,CH, 285.0
CH, CHF 290.0 287.4 285.9 285.0  687.3

cis CHFCHF  292.9  290.0 287.7 7.0 285.8 285.0 687.6

trans CHFCHF 292.7  290.0 287.8  286.8 285.8 285.0  687.5

CF,CH, 293.6  290.6 288.2 287.0 286.0 285.0 688.4
CP,CHF  294.0 291.6 289.9 289.0 287.2 285.0  689.1
CF,CF, 294.1 291.9 289.7 287.6 285.0  689.5

TABLE 2.la Cls and Fls Peak Assignments for the Plasma Polymers

Derived From Fluorinated Ethylenes

MONOMER toichiometr F/C -

From Fls/Cls From Cls Envelope

CHZCHF 0.15 0.20
CE‘2CH2 0.51 0.56
CFZCHF 0.99 0.99

TABLE 2.1b Fluorine/Carbon Stoichiometries Derived From the ESCA

Data for the Plasma Polymers Studied
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‘Elemental stoichiometry is obtained by a ratio of the appropriate
peak areas multiplied by a sensitivity factor, the latter taking into
account the sensitivity of the spectrometer for a particular core
level, and includes such factors as electron mean free path and
analyser response to the electron energy. The sensitivity factors used
throughout this work can be determined either experimentally and/or
theoretically - a list of values employed are to be found in Appendix
1. ‘Cross-referencing of the stoichiometry obtained (as mentioned

earlier in this Chapter) can be carried out using the contributions of

AN EXAMPLE OF THE STEP FUNCTION OF A (g
ENVELOPE=AH/H

AH

FIGURE 2.4 The Step Function as Seen in the Cls Envelope
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each component peak in the Cls envelope which has one or more fluorines

directly attached to a carbon atom. These are summed such that:-

C:F =_[%CF] + [%CF-CF] + 2|%§F:| + 3|%§F!|

100

Agreement in all cases was found to be within a few %, confirming
that " the Cls envelope had been correctly deconvoluted using a good
chemical fit. The differences can be attributed to the contribution to
the overall Cls envelope of any signal due to both hydrocarbon
contamination and also the shake-up satellite, if present (see below),
as manual error in controlling the peak-fitting routine.

The results for all three monomer gases studied are shown in Table
2.1b. Effectively, the overall carbon to fluorine ratios are 1:1 for
trifluoroethylene and 2:1 for 1,l1-difluoroethylene, whilst the vinyl
fluoride F1s core level shows that there is very little retention of
fluorine in the respective plasma polymer, Since the starting C:F
ratios were 2:3, 2:2 and 2:1 respectively, this is strongly indicative
of the overall elimination of HF from the monomer. This can be checked
by examination of the Cls envelopes - whilst both tri- and 1,1-di-
fluoroethylene have a significant amount of CF, gFZ and even gF3
environments, those for vinyl fluoride show very little evidence for
the latter environment at all (Figure 2.3.i). It was not possiblé to
precisely check that the C:H ratio had decreased as expected (i.e.
dropping from 2:1, 1:1 and 2:3 for CF2=CFH, CF2=CH2 and CFH=CH2 to no H

content, 2:1 and 1:1 respectively) since (i) ESCA is unable to analyse

hydrogen Hls envelopes. (ii) In the Cls envelopes, the peak component



52

at 285.0ev is due not only to true hydrocarbon C-H due to the film, but
also any quaternary carbon species (ie any carbon atoms bonded to four
other C atoms rather than either H or F) as well as extraneous
hydrocarbon contamination. However, the 285.0ev components are
suitably very 1low for trifluorocethylene and very high for vinyl
fluoride respectively, whilst difluoroethylene falls between the two.
(iii) as noted by Dilks,20 the existence of vinylic CH in the polymer
leads to the presence of a small shake-up satellite removed by about
7ev from the 285.0 ev reference. This peak will contribute to the
overall Cls signal used in the Fls/Cls ratio calculation, whereas on
peak-fitting the Cls spectrum alone it can be discounted. The latter
approach can thus lead to a higher calculated F/C ratio than the
former.

Furthermore, the number of CF2 and CF3 groups in evidence in the Cls

spectrum which are indicative of rearrangement in the monomers and

films, increase in a similar order - 1i.e. CHF=CH2 < CF2=CH2 < CF2=CFH,

corresponding not only to the amount of fluorine in the plasma
polymerized films, but to the structure of the monomer as well (both di

and trifluoroethylene already have CF2 groups in their structure, hence

making formation of the CF_, moiety somewhat easier compared to vinyl

3

fluoride). It should be noted that there is a high proportion of CF3

groups in plasma polymerized trifluoroethylene as well.

Supporting evidence for the above results is provided by

Shuttleworth15 and by Clark16 and Dilks,20 who similarly studied

fluorocethylene monomers other than CF_=CF,, and also found that, for an

2 2

inductively coupled plasma, the resultant stoichiometry is consistent

with the elimination of HF. These workers also considered the possible
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nature of the activated species involved in the plasma chemistry. Thus
Shuttleworth suggested that plasma of 1,1- difluoroethylene, together
with c¢is- and trans-1,2- difluoroethylene, eliminate HF to form
fluoroacetylene - a suggestion supported by microanalysis of the plasma
polymer formed, which revealed a fluorine to hydrogen ratio of
approximately 1:1 (and hence a carbon to hydrogen ratio of 2:1).15’16
Based on this evidence Shuttleworth argued that the deposition
mechanism utilised radical cations as the excited species involved in
the polymerization process, rather than molecules which are found in
electronically excited states, both species able to result from
electron impact excitation. Indeed, for a (fluoro)ethylenic system
such excitation can lead to occupation of both the singlet and triplet
states following a A > iT* transition, as well as ionisation. The
corresponding excitations are thought to be close to _7.5ev and _4.4ev
for the respective states. Similarly, the ionisation energy of the
fluoroethylenes is <close to that of ethylene (ethylene 10.5lev,
1,1~difluoroethylene 10.48ev).21 It is therefore easier to access the
electronically excited ii* - or, indeed, Rydberg 3s states, than to
achieve ionisation. However, thermochemical and entropy considerations
have shown that, for the fluoroethylenes, elimination of HF to produce
the triplet state is energetically expensive (e.g. 38 kcal mc:le-1 for

the 1,l1-substituted derivative).ls'16

The argument in favour of
radical cations compared to electronically excited states therefore
lies in a consideration of the thermochemistry of the reactions
involved, as well as the view that a Maxwellian distribution of the

electron energies present in the plasma would tend to favour more

electrons with sufficient energy to cause ionisation, rather than
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merely excitation. However, the resultant scheme suggested for the
initial stages of the plasma polymerization process does not hold up in
view of more recent evidence. In particular there has been increasing
indication in the literature that plasma polymerization involves free
radicals - in particular biradicals - as the major depositing species.6
This is not to say that ions - including radical cations - are not
involved in the deposition process or, perhaps more likely, as ablative
or cross-linking species due to their impact with the surface; rather,
two pieces of evidence in particular show that radical cations are
unlikely to be a major depositing species in ethylenic systems :

(i) the addition of iodine vapour - a known effective, free
radical scavenger - drastically reduces the flow volume of various
systems to which it has been added, principally c¢yano containing
compounds such as acrylonitrile and its derivatives 2-chloro- and
methacrylonitrile.22 Furthermore, it was found that there was
effectively no deposition outside of the glow region - which was
restricted to the region of the inductance coil only (i.e. the region
of highest energy input to the system and hence, presumably, electron
energy distribution) - and that, in the film that was deposited, a high
degree of iodine uptake had occurred. This is presumably via free
radical recombination, and hence strongly suggests a free radical film
growth mechanism.

(1i) it has been demonstrated, both in this work for trifluoro-
ethylene and elsewhere for tetrafluoroethylene that organic thin films
can be deposited photochemically using vacuum ultra-violet (<200 nm) or
conventional ultra-violet (>200 nm) light.23 The former films, known

as surface photopolymers, proved to be almost identical in chemical



55

composition (as studied by ESCA) to corresponding films produced by
plasma techniques, whilst the latter were found by infra-red

spectroscopy to contain CF_ moieties (see chapter S5). Hence, since the

3
wavelengths used were well below the photoionization threshold, radical
cations do not have to be invoked in the deposition mechanism. Also,
as was suggested in Chapter 1, since it is thought to be free radicals
that are actually responsible for the bulk of thin f£film formation, it
seems reasonable to assume that they must have been formed from an
electronically excited state - especially the biradicals - since there
are innumerable examples of this in the photochemical literature (see
chapter 5). In addition, even if (as suggested by Shuttleworth)
thermochemical considerations do weigh against the formation of triplet
states then the possibility still exists that the electronically
excited state is in fact Rydberg in nature, from which molecular
elimination of HF or F- is entirely possible, the first resulting in
the biradicals :C=C and X~'C=C’'-Y (the latter of which instantaneously
rearranges to the corresponding ethyne), or else electron capture might
occur to form the radical anion. The excited state here was shown in
Chapter One to have 2 “IT symmetry and to follow a predissociation
mechanism, again involving nwlecﬁlar elimination as one of the
fragmentation pathways, again with biradicals as a result.24

Finally, although, for the experimental conditions used both in
this work and that done by Shuttleworth, the overall stoichiometry
suggests elimination of HF from the molecule, this will not be the only
dissociation pathway involved; analogy with the mass spectrometric
studies undertaken for chlorine substituted olefins would suggest that

although the major dissociation pathway from excited states and radical
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ions alike is indeed molecular élimination, other dissociation channels
. 25 .
- and hence products - are possible. For example, direct (bond)
dissociations may occur to give rise to other positive and negative
ions in the plasma besides radical anions and cations. These too, may
play a role in the overall competitive ablation and polymerization
mechanism. This does not detract from the idea that free radicals are
currently considered to be the prominent depositing species responsible

for £ilm growth.
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3.1 Introduction

Organic nitriles (organic compounds containing a pendant cyano
group) are of potential interest in plasma chemistry since they are a
source of nitrogen and (in the carbon-nitrogen triple bond) contain
unsaturation. Hence, saturated hydrocarbons containing C-CN, such as
acetonitrile, Me_CN, also contain unsaturation within Yasuda’s

3
classification of monomers,:L whilst acrylonitrile, CH2=CHCN, contains
unsaturation due to both the carbon-carbon double bond and also the
nitrile group. This latter compound has received attention in the
literature in recent years, “7 studies centring on the properties of
its plasma polymers - and their dependence on the characteristics of
the plasma systems - together with their potential applications (eg for
use in the surface modification of polymers, graphite blocks and fibres
to alter the overall strength and tensile properties of the

substrate).1'3

Studies of other nitriles are less common, but include
the related compounds metha- and 2—chloroacrylonitrile,’7 which were
found to eliminate HCN and CI1CN, respectively, to give the
corresponding . acetylenes. Allyl cyanide provides a contrast to
acrylonitrile itself, since the cyano group is no longer 1,2 to the
carbon-carbon double bond, being removed by one methylene unit, CHZ.
The molecule thus possesses both allylic and nitrile character, and so
was chosen as a monomer for this work, together with metha- and (in
particular) 2-chloroacrylonitrile. A contrast is. thus provided between
different cyano containing compounds, and also between 2-chloroacrylo-

nitrile and vinylidene fluoride, both of which have a halogen atom

directly attached to an unsaturated carbon atom.
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3.2 Ain

The work of Yasuda and co-workers has shown the importance of
various components that affect the plasma polymerization process;
namely, flow rate (F), power (W) and the molecular weight of the
precursor (M).1 All three parameters are encompassed in the composite
discharge parameter W/FM, and have been shown to be important in the
description and control of experimental conditions of the plasma
polyﬁerization process. Most emphasis has been on the effect of W, F
and M on rates of deposition and, to a lesser extent, chemical
composition. This Chapter therefore investigates the chemical
composition of various organic monomers deposited by plasma

polymerization techniques, as studied by ESCA. It was hoped that the

results might shed light on some aspects of the deposition mechanisms.

3.3 Experimental
3.3.1 plasma Polymerization
The experimental set up was identical to that in Chapter Two with

regard to the vacuum line and rf generator. The monomers used were:

Acrylonitrile )

2-Chloroacrylonitrile ) supplied by Aldrich B
Methacrylonitrile )

Allyl cyanide )

Acrylonitrile was principally used to "test" the system. Its

behaviour was found to agree with that observed by Munro and Grunwald,6
and will not be considered further except in discussion.
All the monomer compounds exist in the liquid state at room

temperature and pressure. Prior to use, each compound was transferred
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from its stock bottle to a monomer tube, the 1latter sealed with a
Young’s tap. The monomer was degassed by alternate freeze-thaw cycles
in vacuo prior to being attached to the reaction chamber. Monomer
vapour was bled into the chamber using an Edwards needle valve; leak
and flow rates were measured using an XY recorder wired up to a Pirani

pressure head. A new flow rate was calculated for each experiment.

3.3.2 ESCA Analysis

ESCA spectra were run on either a Kratos ES200 or ES300
spectrometer in digital mode and peak-fitted using the Kratos Data
Handling Package (ES300) or locally written computer software (ES200).
All peak assignments were referenced to that of C-H occurring at a
binding energy of 285.0 eV. Two model compounds were run -
polyacrylonitrile and polychloroacrylonitrile, both of which were
commercially supplied. Polyacrylonitrile gave rise to the Cls and Nils
spectra shown in Fiqure 3.3.1. Theses were resolved as follows :

a) Cls Two peaks were found, centred at 285.0 eV and 286.6 eV in
the ratio of 2:1. The latter was assigned to carbon directly bonded to
nitrogen in the nitrile group, with the remaining two carbon atoms
giving chemical shifts of 285.0 eV. -

b) Nls One peak was seen, centred at 399.3 eV and corresponding
to nitrogen triply bonded to carbon.

Poly(alpha)chloroacrylonitrile spectra are shown in Figure 3.3.2.

a) Cls Initial interpretation proved difficult, since the
expected result had been either three peaks in the ratio 1:1:1, or else

two peaks in the ratio 2:1. The spectrum shown was resolved into three

peaks centred at 285.0 eV, initially assigned as gH2=C; 286.6 eV,
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FIGURE 3.3.1 Cls and Nls Gpectra for Folvacrylonitrile
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FIGURE 3.3.2 Cis, Cil2p, Nis Spectra for Poly(alphal)chloroacrylonitrile
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assigned to nitrogen triply bonded to carbon; and 288.1 eV, attributed
to carbon bonded to chlorine and to the nitrile group. However, the
29:53:18 ratio of peak areas found did not fit the molecular formula.
Since the sample was run in powder form, rather than as a cast film,
peak 1 was assumed to be due to intergranular hydrocarbon contamination
~ a reasonable assumption, since the adjacent CCICN moiety was also
thought 1likely to give rise to a binding energy higher than 285.0 eV
due to an inductive effect. Subtracting out this contamination gave
new atomic values as follows

C Cl N

1 0.33 0.34

ie the revised Cls envelope not only gave the 2:1 ratio anticipated,
but also gave the correct elemental ratios as well. The binding
energies were thus assigned as follows

CH2 = CCl - CN

286.6 288.0 286.5 (all binding energies in eV)
Assignment using the hydrocarbon contamination as reference at 285.0 eV
was cross-checked using the C12p3/2 peak, known to occur at 200.4 eV.8

b) The Nls envelope again revealed a single peak, centred at
399.3 evV. -

Using the above data, the Cls spectra obtained for the plasma
polymers of both monomers were fitted with four peaks, centred at 1)
285.0 ev 2) 286.6 ev 3) 287.8 ev 4) 289.0 eV. Since resolution was
deemed to be accurate to + 0.3 eV, these peak assignments also
encompassed the following chemical environments : CCl, C-N, C=N, C-O
(286.6 ev), C=0 (287.8 eVv), -CO,- (289.0 eV), Whilst it is

2

acknowledged that the above list was not exhaustive with respect to the
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possible number of different carbon environments formed in the plasma
polymer films, it was felt that the assignments covered a sufficient
majority to enable quantitative analysis of the films to be carried
out. Due to the large number of environments occurring at each binding
energy, trends are presented in terms of peak contributions to the
overall Cls spectrum, rather than individual chemical environments.

b) The Nls spectra were fitted using two peaks - that at 399.3
eV, corresponding to nitrogen triply bonded to carbon, was found to be
accompanied by a second peak centred at 400.8 eV, assigned to nitrogen
singly or doubly bonded to carbon (see below for explanation).

Methacrylonitrile and allyl cyanide plasma polymers were also peak

fitted using the above assignments.

3.3.3 Mass Spectrometric Investigations

These were carried out on the Departmental spectrometer, a VG
Analytical machine equipped with a Winchester Disk Drive System.
The fragmentation patterns for each monomer were studied with respect
to increasing energy of the bombarding electrons. Accelerating
voltages used were : 8,10,12,14,16,18,20,70 eV. Low resolution was
initially used throughout. However, the m/e peak observed -at 26 for
acrylonitrile was found to be of ambiguous origin; this was resolved

+. +. . X .
to be due to HCCH rather than CN using high resolution.
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3.4 Results and Discussion

3.4.1 2-Chloroacrvlonitrile

The core-level spectra in Figure 3.1 show typical Cls, Cl2p, Nls
and Ols spectra corresponding to rf input power of 30W at an operating
pressure of 0.lmbar (equivalent to a flow rate of 10.3cm3stp lnin_l).
The Ols envelopes are very similar to those found for fluoroethylene
films, and will not be considered further except for the calculation of
the C:0 stoichiometry. The Cls envelope, as discussed in section
3.3.2, consists of four main peaks - that centred at 285.0 eV
representing hydrocarbon or quaternary carbon environments, together
with three further components at 286.6, 288.0 and 289.2 ev.

For all the polymers studied in this Chapter there was evidence for
at least two nitrogen environments, the second being centred at about
400.8 ev, or 1.5 eV removed to a higher binding energy. This was first
observed by Hiraoka and Lee for poly (alpha-chloroacrylonitrile) on
heating, and was attributed to opening of the cérbon-nitrogen triple
bonds of three neighbouring nitrile units to form a six membered
heterocyclic ring, thus giving rise to both single and double

carbon-nitrogen bonds

~CH ;-6 %Hz \ N
B N
N N //C'—"
) Noon
~CIc~-C . [
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The latter were consequently thought to be responsible for the
1.5 eV shift observed.

Although there is no direct evidence for the presence of such
six-membered rings in the polymer £films studied in this work, the
plasma contains electrons of sufficient energy to break at least one of
the bonds in the cyano group. The presence of the second peak at 400.8
eV is thus taken as evidence that this does occur.

Two main series of experiments were performed in order to test
Yasuda’s W/FM parameter - 1) varying the inductive power supplied to
the system for a given, fixed flow rate; 2) increasing the flow rate
for a given power. The plasma deposition process falls into two
categories. Firstly, for a low flow rate and high power (high W/F) the
system is monomer deficient - i.e. there is a high power input into the
system in comparison to the availability of monomer. The second region
is the reverse of this, and hence is power deficient (low W/F} If a
graph is drawn of deposition rate against W/FM Figure 3.2), then an
increase in the deposition rate will occur up to the point at which the
amount of power being put into the system becomes the limiting factor;

thereafter as W/FM further increases the deposition rate will decrease.

FILM

OWDER

@ monomer limited

@ power limited

Deposition Rate

W/ F

FIGURE 3.2 Deposition Rate versus W/FM
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Thus, restriction of either monomer or power availability should
affect the chemical composition of the plasma polymer formed. The
experiments carried out aimed to test this idea. Table 3.1 and Figure
3.3 illustrate the atomic ratios of chlorine, nitrogen and oxygen
versus carbon with respect to increasing power for the IN COIL (as
opposed to tail, or OUT OF COIL) region for films deposited from
chloroacrylonitrile. Initially, both chlorine and nitrogen content
decreased with respect to carbon as W increased from 10 to 40 watts.
This higher power was a minimum for nitrogen, the content of the film
with respect to carbon increasing thereafter. In contrast, the
chlorine content, although behaving similarly up to 40W, then remained
fairly constant at about 18 or 19 chlorine atoms per 100 carbon atoms.
A comparison of the relative amounts of nitrogen and chlorine via the
ratio N/Cl showed that, initially, there was only a slight rise between
7 and 20W and effectively no further increase until 50W, at which point
more nitrogen was present in the film than chlorine. The oxygen
content of the films rose throughout the series.

The above results can be explained in terms of the ease of
elimination of both Cl and N from chloroacrylonitrile ~ at low W/F,
there is 1little elimination of chlorine moieties and “only some
elimination of nitrogen ones; as the power increases (such that W/F
increases) then a larger availability of power with respect to monomer
enables more excitation of monomer to occur - and hence more
elimination and dissociation, both of which reduce both the nitrogen
and chlorine content of the film. As W was further increased chlorine
appeared to be preferentially eliminated, since the nitrogen content of

the film increased. The oxygen content probably rises due to reaction
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with a larger number of free radical species in the film surface as the
power increases. Evidence that uptake occurs during the deposition
process was gained by the use of an inert gas blanket over the sample
during transfer to the ESCA spectrometer. Comparison of results with
those obtained in the absence of a nitrogen blanket showed 1little
difference (if any) within experimental error, suggesting uptake
effectively does not occur during transfer to the spectrometer.

‘The stoichiometry results can be compared to those obtained for
the various Cls (Figure 3.4a) and Nls envelopes (Figure 3.5). The
former shows that, for low W/F in coii, there is a low hydrocarbon
content, but a high number of environments occurring at about 286.6 eV.
Since the oxygen content at 7W is very low (See Table 3.1 and Graph
3.3), this suggests. either that (i) there are a large number of
CHZ—QCI(CN) environments in the plasma polymer, together with intact
nitrile groups, or (ii) a large number of nitrile groups "opened up"™ to
give -C=N-C- instead of -CsN, and hence the contribution of the former
environments to the 286.6 eV peak in the polymer has dramatically
increased (there are now two carbon-nitrogen environments for every one
previously). This can be checked by reference to the Nls envelopes,
which duly showed that some nitrile groups have undergone readrrangement
(Figure 3.5). However, although the overall trend shows an increasing
amount of such rearrangement with respect to increasing power (similar
to the behaviour of acrylonitrile as seen by Munro and Grunwald), -C-N
and -C=N environments account for less than 30% of the total, hence
probably only some 15-20% of the original number of nitrile groups
underwent reaction, This cause alone 1is therefore insufficient to

account for the significant decrease in the number of environments
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C1s Envelope wrt Power
FIGURE 3.4a - IN COIL
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C1s Envelope wrt Power
FIGURE 3.4B - OUT OF COIL
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found at 286.6 eV between 7 and 40W. Rather the answer may be that, at
lower power - such that the system is power deficient - the
polymerization mechanism includes a significant amount of fresh monomer
reacting with free radicals or other activated species on the film
surface. The fact that the amount of hydrocarbon present at 285.0 eV
passes through a maximum at 40W could be taken as evidence that (a) the

~CH,.-CCl1 (CN) environments present at lower powers give way to other

2
hydrocarbon environments at 40W, (b) elimination of chlorine and
nitrogen environments occurs from the monomer in the gas phase prior to
film deposition. Option (b) is supported by the fact that the 40W
hydrocarbon maximum also corresponds to the nitrogen and chlorine
content minima. Obviously, any elimination of either N, as CN' or HCN,
or Cl as Cl° or HCl, will cause a marked reduction in the secondary
shifts seen not only by adjacent methylene groups (previously to be
found at 286.6 eV) but also the quaternary carbon to which both the
chlorine and nitrile groups were originally attached (previously found
at 288.0 eV). Possible mechanisms of such eliminations have already
been mentioned in Chapter One and are reviewed later in the section.

The peak centred at 288.0 eV exhibited apparently erratic
behaviour. Since this peak is indicative of carbonyl environments, an
overall slight increase in their contribution might be expected as the
power increases. However, it is believed to be the =CC1 (CN)
environments which are mainly responsible for this peak; the erratic
behaviour therefore suggests that the number of such environments
remaining intact is also erratic - an unexpected result since the
chlorine and nitrogen contents go through minima, such that the number

of carbon-nitrogen and carbon-chlorine environments might be expected
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to show similar behaviour. However, since shifts in ESCA are additive,
the presence of adjacent C-Cl, C-CN, CCl-CN or even CCl2 and CCl3
groups in the polymer film could cause a number of environments to
appear at this higher binding energy. However, in general there is a
rough correlation between the carbon-chlorine stoichiometry and the Cls
environment at 288.0 eV observed in the plasma polymer films.

For all the films analysed the Cl2p region was run before the
carboén Cls since the C-Cl1 bond proved to k.ae labile - if the Cl2p
spectrum was run second, this resulted in degradation of the chlorine
signal by some 10-20%, even though the extra exposure time to the
incident X-rays involved was only 6 minutes.

Analysis of the Cl2p envelope revealed that, in general, there was
only one organic chlorine environment present, centred at 200.4 eV and

1/2) and Cl(2p3/2). However, on

with two peak components due to Cl(2p
occasion there was evidence of' a second environment to a lower binding
energy, though very small in intensity. The chemical shift suggests
that this environment is in fact ionic in nature, since it is too low
to be covalent, such that chloride ions were present in the films.
This might be explained by dissociation of the carbon-chlorine bond to
give Cl_, probably via capture of a free electron into a” low 1lying
monomer orbital, or else via electron attachment to chlorine atoms,
although this is not considered to be the major fragmentation pathway.
The above results and discussion have centred films formed in the
coil region of the plasma. Substrates were also placed some 1l8cm
downstream from the coil in the tail region where they were encompassed

by the glow volume only at high power input such that it is likely that

the plasma polymers deposited did not rely solely on species produced
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"in situ" in the glow region, but rather on these active species being
swept downstream by the flow rate of the monomer, together with their
dissociation products and any other species activated in the tail
region itself by electron impact. In general, the highest electron
energy distribution function in a plasma - and hence deposition rate -
is found in and around the inductance coil itself, since this is where
the most rf power is delivered.

‘A comparison of results for the in coil region with those of the
tail region with respect to .film stoichiometry showed opposite trends
occurring for both nitrogen and, especially, chlorine content, Figure
3.3. Each went through a maximum (Cl at 20W, N at 40W - i.e. where, in
coil, it went through a minimum). At low power (7W) the amount of
chlorine eliminated from the tail region is very high compared to that
in coil, where the films retained virtually all their chlorine content.
The N:Cl1l ratio, effectively the same at 7 and 62W, dropped dramatically
at 20W to a minimum, increasing sharply again at 30W to a maximum at
50W. Again, this behaviour is in marked contrast to that found in the
coil region. Looking at the hydrocarbon content of the Cls envelope
(Figure 3.4b), its behaviour is approximately the opposite to that
observed in coil, dropping from a high at 7W to a minimum at 20W (in
tune with the maximum in chlorine content) before increasing again to a
steady value of about 41%. Similarly, where in coil the 286.6 peak
showed a minimum at about 40W, the tail region peak went though a
maximum at 30W. However, the 288.0 eV peak was less erratic, showing a
maximum at 20W. Thus, both the hydrocarbon and 286.6 eV environment

trends appear to be closely linked to that of the chlorine content.
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This is again consistent with the arguments outlined above for
elimination of chlorine and nitrogen moieties, the former in preference
to the latter. Chapter 4 suggests that free radicals are mainly
responsible for film deposition, since the introduction of iodine into
the system not only largely quenches the glow region, but effectively
inhibits plasma polymerization from occurring outside what little glow
region remains. This latter information can be interpreted if the
plasma polymerization mechanism involves the molecular elimination of
HCN and HCl to give the corresponding acetylenes, which in turn give
rise to sz + B radicals (X = Cl or CN), together with atomic
elimination of H, Cl and CN ifrom the monomer. Assuming that these
processes occur principally in the gas phase, then film deposition can
occur via a free radical mechanism involving conventional
polymerization of monomer and acetylenic molecules, together with

chain growth both promoted and terminated by the other free radical

species present in the plasma (see chapter 5 for a full explanation).

II Variable Flow Rate

Altering the flow rate, F, of the monomer has several effects on a
plasma system: (1) increasing F decreases W/FM so that, for high flow
rate conditions, the system moves away from being monomer deficient to
power deficient; (2) the pressure of the system tends to increase, in
turn increasing the number of molecule-molecule and electron-molecule
collisions (since the mean free path of the system has been reduced);
(3) the average residence time of a given molecule in the coil region,
and in the reactor in general, is reduced. Also, since the shorter

residence time is the result of an increased average flow velocity,
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species activated upstream (and in coil in particular) will flow
further downstream than previously, since their lifetimes will remain
largely unaltered except perhaps by the increased chances of
collisional deactivation.

The effect of pressure in the deposition chamber was investigated
for a fixed monomer flow input by synthesising a series of films using
a constant 6W power and fixed flow rate of monomer throughout. The
systém pressure was altered from 0.05mb to 0.1lmb, in steps of 0.01lmb,
by altering the pumping efficiency of the system (this was achieved by
using the Young’s tap between the reactor chamber and cold trap to
restrict the flow rate out of the system as necessary, and hence its
pressure) . The results, Figure 3.6, showed that the overall
stoichiometry altered slightly throughout the series. However, the
percentage change in atomic ratios was 10-15%, ie within the expected
experimental error found for the system. The Cls envelope for the in
coil region showed an increase in the contribution from the component
centred at 287.5 eV with increasing pressure, likely to result from a
higher chlorine content of the film with respect to carbon, and so
complementing the slight increase in the latter observed for the Cl1 / C
ratio noted at 0.09 and 0.1 mb. Hence, at least for the in coil
region, the chemical composition of the film does appear to be affected
by an increase in pressure in the system. A similar trend was not
discernible in the Cls envelope for the film deposited out of coil,
although a high chlorine content at 0.1 mb was matched by a sudden
increase in the 287.5 eV component. Further evidence for such a

pressure effect was found in the variation of chemical composition of
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plasma polymers deposited using differing monomer flow rates into the
system, since an increase in F was found also to increase the pressure.

Overall, the existence of a pressure effect in the film deposition
process would suggest a role for collisional deactivation processes in
plasma polymerization. This in turn would indicate that the mechanism
involves vibrationally excited ground states (which are easily
deactivated by collision) caused by initial electron impact excitation
of, ‘for example, a singlet state that then undergoes intersystem
crossing, Evidence that such vibrationally excited ground states can
give rise to thin film formation is found in the fact that plasma
polymer-like materials can be obtained via surface photopolymerization.
Since the mechanism of thin film formation in the latter is believed to
involve such a ground state (see chapter 5), then a similarity in the
deposition mechanisms between the two systems can be inferred.

The variation of chloriﬁe and nitrogen content of the plasma
polymer films with increasing flow rate can be seen in Figure 3.8,
which shows that both contents increase overall with F, both in coil
and in the tail region. The oxygen content of the film decreases,
probably reflecting the reduced ratio with respect to the number of
monomer molecules present in the deposition chamber at higher flow
rate, and hence the decreased chance of incorporation into the polymer
film as it is formed. The following trends were observed

(i) both chlorine and nitrogen contents (in and out of coil
respectively) appeared to go through a minimum at mid flow rate;

(ii) the chlorine content out of coil was less than that in coil;
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TABLE 3.2 N/ Cl Ratio - Variable Flow Rate
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(iii) at low flow rate there was some evidence for a second
(presumably ionic) environment in the Cl2p envelope; this was seen only
for the lowest flow rate used;

(iv) a study of the N/Cl ratio (Table 3.2) shows that erratic
behaviour occurred in coil, whilst out of coil a maximum was found for
a flow rate of some 2—3cm3 (STP) /min. Although the absolute flow rates
measured (using an XY recorder) will have been inaccurate to some
extent due to the method used, it is the relative trends which are
important. A variation of elemental composition of the film with
respect to flow rate is thus shown for chloroacrylonitrile, since the
overall percentage changes are either in excess of 50-100% or else
hardly at all. Examination of the Cls envelope supports this,
particularly for the in coil region, the overall trends being shown in
Table 3.3.

Thus, for chloroacrylonitrile at least, there is a dependence of
the chemical nature of the plasma polymer films on both the power input
to the system and on the flow rate of the monomer. Furthermore, the
trend for the nitrogen content in the coil region varies with power in
a similar way to that observed in acrylonitrile plasma polymers,
suggesting that there may be a structural cauéé for the observed
findings. Of particular interest are the excited species involved in
the plasma, and the nature of the depositing species if different from

those above.
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IN COIL

BE/eVv Trend % Change Between Extremes
285.0 General Decrease 65

286.6 Maximum 29

288.0 General Increase 83

OUT OF COIL

285.0 Erratic Behaviour 26
286.6 Little Change 12
288.0 Initial Increase Only 53
TABLE 3.3

Variable Series - Cls Envelopes

Chapter One made reference to several factors that should
influence or even control the polymerization process, namely (i) the
possible nature of the excited species involved, especially with
respect to (ii) the thermochemistry and possibly symmetry control of
the dissociation fragments and patterns. A search of the "literature
reveals that, for electronically excited states (as opposed to ions) of
ethylenes, the use of Rydberg, as well as valence shell, orbitals can

occur, the dissociation of which can give rise to molecular elimination

9,10

of HX and to biradicals of the type :C=CXY and X 'C=C'Y. The latter
immediately rearranges to the respective ethyne, the former - being a
3 : . - A

B, triplet - rearranges more slowly (typically requiring collisional

2

. . 1 . . 11 .
deactivation to the "A state as an intermediate step) and hence might
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be able to undergo typical radical reactions - and hence participate in
polymer formation. Both rearrangements could account for the large
amount of ethynic compounds which are often seen as by products of the
plasma polymerization process.1 Indeed, Yasuda,1 and other workers
considered that ethyne was an important precursor for polymerization,
Clark and Shuttleworth12 suggesting that elimination of HF from the
radical cation CF2=CH2+' to give HC=CH+' was the important step priot
to the actual polymerization process. Both Chapters One and Two argued
against the importance of the radical cation, but not of the possible
importance of ethyne as a precursor to film formation. ESCA data
presented so far in this Chapter suggest that elimination of HCl1l should
occur preferentially, and this has indeed been observed for the
electrical glow discharge of chloroacrylonitrile to give cyanoethyne,
HC:CCN.7 However, elimination of HCN was also expected. Since little
was known about the actual fragmentation pathways of
chloroacrylonitrile ions, an in-house mass spectrometric investigation

was undertaken to probe the matter further.

III Mass Spectrometric Investigation

2-chloroacrylonitrile mass spectra were run on a VG Analytical
machine equipped with a Winchester Disk Drive System. Output of
results was in both graphic and tabular form. Increasing incident
electron energies were used to study the (increasingly complex)
fragmentation patterns. The energies quoted are approximate, but
within + 0.5 eV (see Mass Spectra Sequence A).

At the ionisation potential, only the molecular ion peaks due to

the two chlorine isotopes are visible (10-11 eV). However, on raising
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the electron energy to 12 eV the radical cation fragment C N appeared

3t
(m/e 52), indicative of C-Cl bond scission (A2). There was no sign of
any m/e 26 peak until 14+ eV, together with m/e peaks at 60 and 62.
The former was found by a high resolution technique to be due to
acetylene, whilst a peak at m/e 27 would be indicative of elimination
of HCN. Similarly, a peak at m/e 51 due to C3HN shows that elimination
of HCl also occurs. The question arises as to whether eliminations are
step&ise or molecular in nature. The absence of peaks at m/e 61 and 63
at this energy (14 eV) suggests that the fragmentation pathway for loss
of HCN is not stepwise, otherwise scheme 1 would occur
~CN”
[CH2c01(CN)]+' ————— > [cnzcc1]+‘ ————— > [cncc1]+‘
m/e 87, 89 m/e 61/63 m/e 60/62
Scheme 1
Rather, molecular elimination seems more likely, the resulting
diradical rapidly rearranging (<10—1OS) to the chloroacetylene
-HCN
CH,CCL(CN) —---- > [CHCCl] ~°" —mm-m- > tucee1)”
Scheme 2

It is not until an electron energy of 20 eV that m/e 61 appears,
whilst both m/e 61 and 63 are both clearly visible at 70 eV, This
suggests that molecular elimination of HCN occurs at a lower electron
energy (14 eV, scheme 2) than the stepwise elimination of CN° and H+
{20+ eV, scheme 1l). Note also that the presence of peaks at m/e 86 and

85 in the 70eV spectrum are compatible with the elimination of H and H2

from the molecular ion respectively, whilst the peak at m/e 26 could



83

a2l

oat

FTINLINOTAYOVONOTHD

v IoNINd3IS

A/

; ey e 62

W
[
z
=

@aomomv
2" 1 o
£2idd: 1€J

304:sfig

21

@=1d
~13

. Uoy

atll oa1 1]

8

00011891=J11

38¢ 20:v08:0+p1:G1 £8-Ydd-L2

T T )
-t

- 82
3

- o

- 85
Tes

- 8¢

- 88

- 06
5001
A39T NI10I=3H: 3L

68=WH NWZTC=] e=ldg
1=pbg X *ETH2AIHIS3

I\
10

£V

Ssull

@agE9e
1 ST#

£2)3d: 183D
324y:sfs

2
%]

8=1d
+ JUIY
=13

8

0009££p=J11

30¢ 62:20:@-b1:S1 £8-ddY-L2

- 88

3
081

AZP1 NI100=0H: el

6o=WH NE20p=] o=udg
1=pbg > *G1#2496753

! VHID3AS SSVH

ac

(14

et

51

2001901

e°1 i

<8

¢2id:18)  e=ld

30y sfig

a2t

: JUOY
«13

et aal =5

a8 ac

0PBLLST=011

38¢ £2:10:8+p1:51 (8-¥dd-£2

1=pbg

A321 NI129=3H:
88=WH AWI9T=]

X

el
[ a2
[ 0c
oy
" 85
- @9
e
" 88
[ 86
nesL,

8=b/d3
*8#2294353

SSull

posie
1 4

£2Sidd: 1€J
334:sfig

@
e

e=1d
~13

: quoy

8aebe=J11

38 82:00:8++1:G1 £8-dd¥-(2

88=WH
1=pbg

["a
ol
82
3
K14
T es
" @9
Fec
- 08
@

r&oﬂ

A3BT NITIIEHD: IXa

x

NEE=1

8=udg
* #2925 3




84

ESCAGR2#28* x1 Bgd=1 27-APR-87 15:14+0:05:02 2JOE El+
Bpi=0 1=277av Hm=Bgd T1C=14860000 Acnt : Sys :RCE

Text :HC=COLCN 20EV PT-8  Cal:PFkey
1008 8¢ #28 caosbion

98 5
80
7o |
60
50
40
38
@] 2
10 l 50
ol

] i1 Ab L. il ] , MASS
20 30 40 50 60 70 26 99 1@ 110 129

W

ESCAGR2#34x x1 B?d=l 27-APR-8? 15:14+9:05:52 BE El+
BphM=0 I=1.7v  Hm=9 TIC=46700008 Acnt : Sys :RCE
Text :HC=CCLCN 7@EV PT=0 Cal:PFK2?
1668 5p 34 1.0
10963000
Qe | 87
89 _ EP

4

10 | 66
i)

i EITITT R 1 | VI [T s Ll . , _. MAsS
20 39 40 50 B8 B eB an 192 110 128

A B

possibly also be due to (molecular) elimination of CICN to give the
. . +.. . .

diradical (HZC=C) . A precedence for this has been seen in the loss

of CICN and FCN in the electrical discharges of compounds containing

. 7
halogens, carbon and nitrogen.
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The fragmentation pattern at 14 eV shows the presence of peaks at
both m/e 51 and 52, as well as m/e 53. The first of these (m/e 51)
could correspond to cyanoacetylene, HCCCN. The peak at m/e 52 has
already been assigned to (C3H2N)+', resulting from the loss of Cl° from
the parent molecule, and is by far the most abundant ion in the
spectrum. Hence, further loss of H to give the acetylene is possible
here, whilst addition §f H to give acrylonitrile, (CHZCHCN)+', might be
responsible for the peak at m/e 53.

Acrylonitrile and methacrylonitrile were also studied as a
function of increasing electron incident energy. For acrylonitrile,
Sequence B, the onset of fragmentation occurred at above about 10 eV
such that, at 12 evV. the principle fragments are C,H, (m/e 26) and loss

22

+.
of H to give C_HN (m/e 51) probably as [CH2CCN] . 15 eV showed the

3

presence of further peaks at m/e 27 and 28, which become more
- +

pronounced at 20 eV. These could be due to loss of CN to give CZH3

(HCN+ is thermodynamically less preferable13) and formation of CH2N+
respectively. By the time the electron energy is increased to 70 eV,
the m/e 26 peak is more abundant than the molecular ion peak with
small, but not insignificant, ion peaks occurring at m/e 36, 37, 38 and
39, Note here an immediate difference between acrylonitrile and
chloroacrylonitrile -~ whereas the latter preferentially fragments Cl°
to give [CﬂchN]+', acrylonitrile appears to favour loss of HCN at
higher energies to give acetylene. This occurs via molecular

elimination and/or loss of H (indicated by the strong peak at m/e 52)

followed by loss of CN to give acetylene after rearrangement
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. . +. .+ -t
either [H2CCHCN] ————— > [H2CCCN] -—--> HCCH
.+ .+
ox mm——- > [HCCHCN] ---=> HCCH

Methacrylonitrile also fragments, Sequence C, to give an ion peak
at m/e 26, but not until about 15 eV. If molecular elimination occurs
here, the loss of either HCN, CH4 or MeCN would be seen, corresponding
to résultant fragments HCCMe (m/e 40), HCCCN (m/e 51) and HCCH (m/e 26)
respectively after subsequent rearrangement. The last of these ion
peaks is observed; formation of acetylene via loss of MeCN is therefore
possible. However, the appearance of m/e 41, also at 15 eV and
corresponding to [HZCCMe]'+, suggests that loss of CN'also occurs.
Alternatively, m/e 41 could be attributed to the fragment C2H3N+.
Molecular Orbital calculations show that this fragment is more stable
than C3H5+ by over 2 eV, and so is the fragment proposed by Willett and
Baer, who similarly proposed that for both methacrylonitrile, and allyl
cyanide, m/e 39 corresponds to CZHN+.

Overall, Willett and Baer examined the thermochemistry and
dissociation dynamics of four nitrogen containing compounds : metha-
crylonitrile, pyrrole, cyclopropyl cyanide and allyl cyanide, all
structural isomers of C4H5N.13 The overall possible fragmentation
processes are given in Table 3.4, with a list of appearance potentials
for the various ions in Table 3.5. The energy range concentrated on
was 8-14 eV, the results of which for methacrylonitrile are presented in

Table 3.11. Van Thuijl et al have also examined the collision induced

dissociation of butyronitrile and crotonitrile. Both were found to
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produce an ion peak at m/e 41, thought, once again, to correspond to
ketenimine (1+).
In the case of the C4H5N compounds, all four reaction rates for
C4H5N+ ---> C_H N+ + C_,H, (1)

23 22
were found to be identical. This was interpreted in terms of all four
isomers rearranging to the common precursor before fragmentation,
though this is thought to occur only in the metastable energy range
(12.9° - 13.4 ev) - at higher energies the fragmentation reactions
probably directly compete with any initial Isomerization pathways.13

Statistical theory calculations are consistent with the assumption that

A . 13
this isomerized precursor has a pyrrole structure.

70eVv
+ +
C4H5N —————— > C2H3N + C2H2 (1)
+
C3H4 + HCN (2)
C.H.N  + cC.H. (3)
2t 2M3
+
C3H3 + CHZN (4)
+
C,HN' + CHy  (5)
8-14eV -
+ +
C4H5N ------ > C4H4N + H (6)
+
C3H2N + CH3 (7)
+
C2H3 + C2H2N (8)

TABLE 3.4 Possible Fragmentation Processes of Structural Isomers

of C4H5N.
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COMPOUND ION FRAGMENTS
+ + + + + + +
C,H,N' CJHN  CHN C.H, C,Hy CH_N C,H,
PYRROLE 12.85 12.5 11.75 12.00 12.60 12.40 13.60
CH, CMeCN 12.55 12.20 11.65 11.75 12.30 12.05 13.20
CH,,CHCN 12.30 12.05 11.10 11.50 12.10 11.90 12.90

NOTE : Appearance energies in eV.

TABLE 3.5 Appearance Potentials for Various Ions of 04H5N.
[CH2=C=NH]+. The implications of this for plasma polymerization are
various - in particular the above mass spectrometric studies show that
(i) some 12+ eV are required to cause formation and fragmentation of
ions in the spectrometer - and hence presumably also in the plasma; and
(ii) ion fragmentation occurs via dissociation pathways involving much
rearrangement. Thus, any involvement of ions in the polymerization
process will cause deposition of a film somewhat different from that

expected via "conventional" polymerization.

3.4.2 Methacrylonitrile

The substitution of the chlorine- ﬁoiety found in chloroacrylo-
nitrile by a methyl group to give methacrylonitrile changes the
relative molecular mass, M - hence differing behaviour between the two
analogues should occur for the same conditions of W/F. In order to
test this three series of experiments were performed, examining the
effects of power and flow rate on the chemical composition of

methacrylonitrile plasma polymers.
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I. Variable Power

The influence of power in the range 3-65W was studied at two
different flow rates - 0.42 + 0.06 cc (STP) m;i.n-1 and 1.3 + 0.25 cc
(STP) min_l. The results are presented in graphical form (Figures
3.10 to 3.15).

Results for F=1.3 cc min_1 showed little difference in behaviour
of the nitrogen content (as shown by the C:N ratio) for the in-coil and
tail " regions, both showing a minimum at 17W, whilst the amount of
oxygen incorporated was greater in coil, probably reflecting the
creation of a higher degree of unquenched free radical sites in this
position compared to the film deposited in the tail region. The
overall oxygen and nitrogen content of the films deposited at 0.42 cc
min = monomer flow rate is greater than at 1.3 cc min-l. The former
was expected, since the observed leak rate was similar in both cases,
such that there was a higher concentration of oxygen molecules in the
plasma at 0.42 than at 1.3 CC (STP) min_l, leading to a higher level of
incorporation of oxygen in the polymer film. The N:C ratio showed
little difference between the two regions for either flow rate until
high power, when (for 0.42 cc (STP) min_l) a maximum occurred at 52W,
followed by a sharp drop at 63W. .This contrasts to the behaviour for
high flow rate which saw little change over the whole power range.

In the Cls envelopes (Figures 3.11 and 3.14), the absence of a
chlorine functionality reduces the contribution from the 287.8 eV peak,
previously due to Cl-C-CN and C=0, but now due to carbonyl alone. This
peak, together with that at 289.2 eV (-COZ-) appears to account for the
majority of the oxygen content. The hydrocarbon and quaternary carbon

environments (centred at 285.0 eV) show some difference in behaviour
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FIGURE 3.10 - Atomic Ratios
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ETHACRYLONITRILE PLASMA POLYMER

Varlable W, F=1.3cc(STP)/min
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between the two flow rate series, with that at 0.42 cc (STP) min_1
being somewhat erratic, that at 1.3 cc (STP) min_1 exhibiting a maximum
at ‘17W corresponding to the minimum in the nitrogen content obtained by
elemental stoichiometry analysis, and hence probably due to the
resultant higher number of carbon atoms in the film not directly bonded
to either nitrogen or oxygen. The 286.6 eV peak - corresponding mainly
to C-N, C=N, C=N and C-0 environments, also showed a difference between
the two flow rate series. In particular, the higher flow rate caused a
much ‘higher contribution at 286.6eV for lower powers (3, 10W), dropping
to a minimum at 17W (again corresponding to the minimum in overall
nitrogen content) before rising again to a plateau of 32-34% of the
overall Cls envelope between 27-63W. In contrast, at 0.42 cc (STP)
min—l, a maximum occurs at only 10W, the percentage contribution to the
total Cls envelope being consistently less throughout.

The Nl1ls envelopes (Figures 3.12 and 3.15) showed overall erratic
behaviour with »respect to the two peak components. The peak
separation, at 1.3 eV, was less than that observed for chloroacrylo-
nitrile (average 1.5eV), possibly due to the influence of methyl groups
adjacent to nitrile groups in the system rather than electronegative
chlorine substituents, More surprising was the occasionally high
contribution from the higher binding energy component - for example, at
10w the contribution from both Nls peaks 1is approximately equal,
showing that there is a very much higher reaction of the carbon -
nitrogen triple bond to give ~N-C and -N=C- environments. This
demonstrates the importance of the Nls envelope as a source of
information since the Cls envelope alone is thus demonstrated to be

unable to differentiate between C-N and C=N environments in the f£ilms.
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Overall, a study of methacrylonitrile over the power range 0 to
65W at two different flow rates shows both similarities and differences
between the two sets of results. In particular, the effect of higher
power input to the system appears more marked than the increase in flow
rate - unsurprising, since 65W is almost a 22 fold increase over the
lowest power setting used (3W), whereas the increase in flow rate was
only threefold. Hence the parameter W/F is power dominated.
Differences between the nature of the films produced in the coil and
tail regions once again show.that the balance of species leading to
deposition in each case probably differs - presumably as a result of
the change in the electron energy distribution of the system, which in
turn controls the nature of the excited state, and hence depositing,
species formed in the gas phase. These will inciude ions and excited
states (accessed via electron impact); the fragmentation patterns of
these will give rise to, amongst others species, radical species.

Overall, the influence of M in W/FM is felt in a) the differing
nature of the thermodynamics of the system, b) the exact nature of the
excited state species and dissociation pathways found, c¢) the kinetics
and deposition rate of the system, since these are obviously dependent
on the monomer used. The differences between the plasma polymers of
chloro- and methacrylonitrile are thus attributable to the substituent

effect of changing the chlorine atom in CH_=CCICN for a methyl group.

2
In particular, whereas the gas phase chemistry of chloroacrylonitrile
appears to be dominated by the presence of a chlorine atom directly
attached to an unsaturated carbon, in both acrylo- and

methacrylonitrile the absence of such a halogen (and its negative

inductive effect) means that scission of the C-CN bond, or else else
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elimination of HCN, preferentially occurs, Hepending on the actual

energy input to the system.

ITI. Variable Flow Rate

Two Separate experimental series were carried out to examine the
reproducibility of results, as well as the possible influence of flow
rate on the chemical composition of the films formed.

In addition to examination of the usual "in coil"™ substrate
position on top of the glass slide, an extra strip of aluminium foil
was placed on the floor of the reactor directly beneath the first
position. The location of the substrate in the tail region was left
unaltered. The results for both experimental series are displayed in
Figures 3.16 to 3.19.

(i) IN COIL, there was no significant variation in nitrogen
content of the deposited film over the flow rate range studied.
Results between the  two series were within + 15%, i.e. within the
typical experimental error observed for these ESCA analyses. The
sample position underneath the glass slide showed slightly differing
behaviour between the two series -~ although both had a similar nitrogen
content over the majority of the flow rate range, an initially lower
value was found at 0.3cc(STP) min-1 for the repeat series. The oxygen
content fluctuated throughout.

Trends in the Cls envelopes were similar for the two experimental
series, absolute values differing slightly. The 285.0eV peak showed an
overall decrease as the flow rate increased, whilst the contribution at
286.6 eV rose. This suggests that, while the overall nitrogen content

of the films does not depend on flow rate, the distribution of the
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actual nitrogen - containing moieties does. This is confirmed by the
Nls envelope, which in general showed a lower retention of nitrile
groups in their original state at lower flow rate (as evidenced by the
larger contribution of the higher binding energy environment at 400.5eV
to the overall Nls peak area). Hence the W/F parameter influences the
chemical nature of the films deposited here; in particular, at lower
flow rates the increased power availability per monomer molecule
present in the system causes the carbon-nitrogen triple bond to react
to give C-N and C=N moieties. This probably occurs via ii* <-- n
excitation in the unsaturated nitrile group. In addition, since the
C=N triple bond is electron rich, it would be a prime target for

possible electrophilic.attack, for example by any carbocations in the

system:

(ii) OUT OF COIL the C:N ratio showed discrepancies between the two
experimental series - one yielded little variation over the flow rate
range, whilst the second showed a minimum at about F=4.0cc(STP)min-l.
Also, the absolute values obtained in the first series for nitrogen
content were consistently higher.

Both series gave similar results for the Cls envelope, the overall
trend being a decrease in contributions due to hydrocarbon and
quaternary carbon atoms (285.0 eV). Those environments centred at
286.6 eV (nitrile C-N, C=N, C-0) showed a general increase with flow

rate. The amount of oxygen uptake was variable, whilst the Nls
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envelope again showed an increasing proportion of unreacted nitrile
groups present in the film surface as the flow rate increases.

In summary, for methacrylonitrile both power and flow rate have an
influence in the chemical nature of the plasma polymer film produced.
Further, of the two parameters the power input to the system has the
more marked effect on the nitrogen content of the deposited films,
Increasing the flow rate alters the nature and distribution of the
nitrogen-containing moieties found. Finally, since differences have
been found in both the nature of the films deposited by metha- and
chloroacrylonitrile {and also their excited state species and
fragmentation pattern behaviour) due to the replacement of a chlorine
substituent by a methyl group, the influence of all three parameters in
Yasuda’s overall W/FM parameter has been shown. This influence was
found to be qualitative rather than quantitative with respect to
interpreting the results obtained in this chapter. However, as the
next section shows, the deposition rate of allyl cyanide plasma
polymers under similar experimental conditions as those for
methacrylonitrile described above is much faster, despite the fact that
the two are structural isomers and hence have the same molecular
weight, contradicting the expected result predicted using YaSuda‘s W/FM

parameter.
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3.4.3 Allyl Cyanide

Allyl Cyanide, CH2=CH—CH2CN, was chosen as a monomer for plasma
polymerization to provide a comparison with the acrylonitrile family
studied earlier. In the latter the nitrile group was directly adjacent
to, and hence exerted a primary substituent effect on, an unsaturated
carbon atom. In contrast, the cyano group in allyl cyanide is removed
by va methylene (CH2) unit. Hence, any substituent effect on the
carbon-carbon double bond observed should now be markedly reduced due
to this secondary (beta), rather than alpha, effect. As before, the
influence on the system of both power and flow rate were examined, the
parameter ranges studied Dbeing comparable to methacrylo- and

chloroacrylonitrile for power, but differing for flow rate due to the

difference in vapour pressure between the monomers.

I Variable Power

Allyl Cyanide was found to deposit very rapidly throughout the
power range (3-60W) - more so than for methacrylonitrile. Hence, after
only three minutes, a sufficiently thick film was formed to be visible
to the naked eye. 1In order to see if the chemical nature of the film
changed with respect to time, selected experiments in the Series were
repeated for a deposition time of s8ix minutes (a flow rate of
0.5¢cc(STP) /min was used throughout). The ESCA spectra obtained were
very similar in shape to those found for methacrylonitrile (Figures

3.20, 3.21).
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(i) 1IN COIL

The nitrogen content of the films formed after three minutes
(Figure 3.23) was initially constant at low power, decreasing overall
with increasing power. The level of oxygen incorporation was variable
throughout. The number of hydrocarbon and quaternary carbon
environments in the Cls envelope (285.0 eV) steadily increased with
power, whilst the total number of carbon-nitrogen environments was
reduced. The Nls envelope showed that, of the nitrogen containing
moieties, an overall increase occurred in the proportion of N-C and N=C
environments in relation to unreacted (i.e. intact) nitrile groups,
with a maximum at 33W. On raising the deposition time to six minutes
this maximum is shifted to higher power (49W). However, a comparison
of absolute values between the two sets of results shows a discrepancy
of less than 15% - i.e. within experimental error, showing fairly good
reproducibility. The greatest discrepancy was shown in the total
nitrogen content of the films.

The similarity of the chemical composition of the films deposited
after 3' and 6 minutes suggests that, once the aluminium substrate is
fully covered, the chemical nature of the film macroscopically speaking
changes little with time. This agrees with the results 6f variable
take-off angle experiments performed not only for allyl cyanide (Table
3.7) but also the acrylonitriles, which showed that, in general, the
plasma polymer films produced in this work were homogeneous.

Comparing the results obtained for the nitrogen content of allyl
cyanide with those for the acrylonitriles (Table 3.6), the former
showed an overall decrease for the in coil region. In contrast,

chloroacrylonitrile exhibited a minimum at 40W and methacrylonitrile a
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minimum at 17W. The Cls and N1ls envelopes correspondingly differ.
Sirice methacrylonitrile and allyl cyanide are both structural isomers
of C4H5N, and hence have the same molecular weight, M, in Yasuda’s
parameter W/FM, the observed differences in trends observed over the
power range studied are most likely due to the change in chemical
structure between the monomers. Also, the difference in deposition

rates between the two isomers suggests that W/FM is not the paramount

factor in controlling the deposition rate of a plasma polymer system.

(ii) TAIL REGION

A maximum was found for the nitrogen content of the tail region
films at 20-30W for a three minute deposition period, in contrast to
the plateau found prior to decrease in coil, whilst the oxygen content
showed an overall rise with increasing power. The Cls and Nils
envelopes also revealed that power influences the chemical composition
of the films since a higher input to the system once again results in
an increased oxygen content - once again thought to occur via the
production of more free radical reactive sites in the film surface
capable of quenching via uptake of oxygen species.

In the Cls envelope, the 285.0 eV peak showed an increase with
increasing power, that at 286.6 eV (corresponding to nitrogen moieties
in the film) showing an overall downward trend. Hence the maximum at
286.6 ev that might have been expected to correlate with the overall
maximum in the total number of nitrogen containing moieties at 20-30W,
as evidenced by the N:C ration, was not observed. Possibly the
doubling in oxygen content from 8 to 17 oxygen atoms per 100 carbon

atoms between 13W and 60W is responsible for a larger than usual
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" 07 13 15 45 49 43

105

is given as the number of N atoms per 100 C atoms

2. Binding energy in the Nls spectrum, in eV.

TABLE 3.6 Comparison of Nitrogen Content, Allyl Cyanide versus

TABLE 3.7 Results for Allyl Cyanide Plasma
Polymer - 60 vs 30 Degrees Take Off Angle

Methacrylonitrile.

TOA C1s Envelope N1s Envelope
in
Degrees | N 285.0 286.6 287.7 289.0 399.3 400.6
30 21 67 28 2 3 61 39
60 16 67 26 4 3 60 40
NB: 1) Atomic Ratios are /100 C atoms

2) Envelopes are in %; Binding Energies in ev
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contribution to the 286.6eV peak from C-O bonds. The impact of this on
the overall peak trend is hard to assess; however, a maximum in the
carbonyl contribution (287.8 eV) occurs at 33W. This, taken in
conjunction with the overall increase in oxygen content with power,
suggests that the number of C-O0 environments at 49W and 60W
progressively increases. Hence, unusually, carbon-oxygen environments
appear to play a more dominant in the Cls envelope under these
conditions than previously seen, whilst analysis of the Nls envelopes
showed a dramatic increase in the number of N-C and N=C environments in
proportion to nitrile groups in the film across the power series, such
that, for the tail region, the ratio of peak areas (399.3 eV versus
400.6 eV) was almost 1:1. Such a high ratio was also observed for some
methacrylonitrile films. However, overall a lower number of cyano
groups are incorporated into the allyl cyanide film in their original
form compared to the acrylonitriles, especially chloroacrylonitrile,
which has a much higher ratio of nitrile envir.;omnents to C-N and C=N.
This increased contribution from the 1latter environments must be a
structural facet caused by the insertion of the methylene unit between
the cyano group and the carbon-carbon double bond on changing the
monomer to allyl cyanide. In particular, this prevents molecular
elimination of HCN occurring from an unsaturated environment to give
the corresponding diradicals and acetylenic compounds via
rearrangement, although ethynes could still occur via elimination of
molecular hydrogen. This lack of elimination of HCN may account for
the high retention of the original nitrogen content observed for many
of the allyl cyanide films. However, it should be pointed out that,

since the molecular formula is C4H5N, maximum retention of nitrile
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groups, intact or not, should give rise to a N:C ratio no larger than
25:100. This 4is in fact exceeded - hence some carbon-containing
fragments other than nitrile groups must be lost from the monomer
before deposition, such that this maximum ratio is exceeded.
Elimination of HCN from the aliphatic position of the allyl cyanide
molecule would not satisfy this criterion - rather, for electron impact
excitation above the ionization potential fragmentation and
rearrangement of the sort outlined in the mass spectrometric studies
performed by Willett and Baer probably occurs, whilst excited state
chemistry below the ionization potential most 1likely involves scission

of the carbon-carbon bond beta to the double bond.

IT. Variable Flow Rate

Although the pressure range studied was similar to that used in
the previous experiments (0.08-0.02 mb), the generally lower vapour
pressure of allyl cyanide in comparison to the acrylonitriles resulted

in a lower spread of flow rates at 0.18-1.67 cc (STP)min

(i) 1IN COIL -

A variable take-off angle experiment was performed at 35 and 60
degrees to enable depth profiling to be carried out. The results
(Table 3.7) showed excellent agreement for a flow rate of 0.18
cc(S'I‘P)rnin—1 for both the Cls and Nls envelopes as well as the oxygen
content; however, the nitrogen content at the surface of the film was
found to be slightly lower than expected. The lack of any identifiable

repeat unit in the highly cross-linked films formed may possibly give
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ALLYL CYANIDE PLASMA POLYMER
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rise to local variations in the chemical composition; however, the
larger the sampling depth the more likely any such inhomogeneities will
be averaged out.

Overall the nitrogen content of the films was found to be constant
throughout within experimental error, whilst the oxygen content dropped
with increasing flow rate. The Cls and Nls envelopes showed that,
though the overall N:C ratio remained fairly constant with flow rate,
the distribution of chemical environments changed. The 285.0 eV peak
contribution to the Cls envelope dropped with increasing flow rate;
conversely, the 286.6 eV peak contribution rose, suggesting that the
number of nitrogen containing moieties increases across the series -
i.e. a direct contradiction to the result obtained from the N:C ratio.
The Nls spectra showed that the large proportion of N-C and N=C
environments at low flow rates gave way to a 60% and 90% majorities of
cyano groups at high flow rate. For each such group, there must be a
carbon atom directly attached also appearing at 286.6 eV in the Cls
spectrum. Now, the total number of nitrogen atoms per 100 carbon atoms
is approximately the same for each film analysed in the series,
allowing direct comparison of the relative proportions of each Nls
envelope. Hence for F=0.18 cc(STP)min-l and assuming the NIs envelope
as a whole represents 100 nitrogen atoms, if 60% are cyano groups then
60 C-CN and 40 C-N or C=N bonds must also be present, making a total of
160 carbon atoms contributing to the 286.6 eV peak in the Cls envelope.
For F=1.67 cc(STP)min-1 90% of the nitrogen is present as cyano groups,
giving 90 C-CN and 10 C-N or C=N bonds as well, a total of 190 carbon
environments occurring at 286.6 eV. Hence this component of the Cls

spectrum duly increases with increasing flow rate, despite the total
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number of nitrogen atoms per 100 carbon atoms in the film remaining

more or less constant throughout.

(ii) OUT OF COIL

Once again the tail region exhibited differing behaviour to that
in coil. 1Initially the nitrogen and oxygen contents of the lowest flow
rate film was high (Figure 3.25), the latter dropping as the monomer
flow’® rate was increased. The Cls envelope showed a maximum for
hydrocarbon and quaternary carbon environments at mid-flow rate, with a
small minimum in the 286.6 eV environments. The latter lies within
experimental error of the results obtained at lower flow rates, but the
subsequent increase was sufficiently marked to echo the overall
increase found in coil. The contributions from the 287.8 and 289.2 eV
peaks decreased with flow rate, reflecting the lower level of oxygen
uptake in the films, whilst the trend in the Nls envelope was the same
as that found in coil. Taking the Cls and Nls envelopes together the
results suggest that there must be structural differences between the
in-coil and tail regions; hence, as found for the acrylonitriles, the
nature of the films formed is positionally dependent within the
reaction chamber. This must again reflect both the nature of the
electron energy distribution, and the nature and relative abundance of

the depositing species, throughout the system.
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3.5 Summary

This Chapter has examined the effect of power, flow rate,
positional dependence within the reactor, length of deposition period
and nature of monomer used (both in terms of relative molecular mass
and structural Isomerization) orl the chemical composition of the plasma
polymer thin films formed in a vacuum system using an inductively
coupled rf generator. Nearly all these parameters have been found to
infldence the exact nat1.1re - and hence properties - of the films
formed, the most marked being (i) the type of monomer used and (ii) the
power input to the system. The effect of flow rate was less marked
than expected over the ranges studied, whilst the contrasts between
films produced in the "in coil" and "tail"™ regions illustrate localised
differences within the deposition chamber. Overall, whilst the three
components of Yasuda’s W/FM parameter do influence the system, and
hence the nature and properties of the films formed, this is
qualitative rather than quantitative. Finally, an attempt has been
made to interpret, at a basic level, the type of species and nature of
the processes involved in the plasma and deposition processes,
especially with regard to the structure of the monomer.
Reproducibility of results within experimental error show that these
processes, and hence plasma polymerization 1in general, <can be

controlled by the parameters studied.
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CHAPTER 4

PLASMA POLYMERIZATION IN THE PRESENCE OF

HALOGEN VAPOURS
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4.1 Introduction

The plasma polymerization of organic compounds in the presence of
non-polymerizable gases such as argon and hydrogen has been
investigated by a number of authorsl. In many cases the desired effect
was to influence the overall pressure and flow rate of the system
whilst leaving those of the monomer unchanged. Till2 examined such
effects for the plasma polymerization of perfluorobenzene, extending
the investigation to study the effect of iodine on the system. Munro
and Grunwald3 similarly investigated the deposition of acrylonitrile in
the presence of iodine vapour, finding that the glow volume of the
reaction was dramatically reduced and concentrated mainly in the coil
region. On analysis of the latter films by ESCA, iodine was found to
have been incorporated, effectively doping the plasma polymer such that
a small but positive conductance could be measured - ie the polymer was
no longer perfectly insulating, unlike the film deposited using
acrylonitrile alone. This result was felt to be of potential
application as a (semi) conducting polymer. Other workers have also
studied incorporation of iodine into plasma polymer systems. Dully et
al4 reported an iodine containing film derived from iodomethane with an
iodine to carbon elemental ratio of 1:11, whilst Ward5 has examined the
role of iodinated polymers as potentially useful resist materials in
the electronics industry. 1In particular, this latter work5 attempted
to discover methods of reducing the loss of iodine during plasma
polymerization by looking at plasma copolymers of iodobenzene with
benzene, and plasma homopolymers of allyl iodide. Both Till4 and Ward5

found evi i he I , s s .
vidence in the 3d5/2 ESCA spectrum for negative iodine species

in the film surface, the latter subsequently finding evidence from



114

ultraviolet spectra for the initial presence of I3 in plasma
polymerized allyl iodide, the species disappearing with time on
exposure to the atmosphere.

Since iodine is known to be a free radical scavengers, it is also
possible to use such studies to try and gain some mechanistic insight
into the plasma polymerization process, especially if the scope is
widened to include surface photopolymerization. Chloroacrylonitrile
was thus chosen as a monomer, since its photochemistry is examined in
chapter 5, whilst allyl cyanide was chosen as a contrast to the work
carried out on allyl iodide by Ward.5 In particular, since allyl
compounds plasma polymerized at low power and high flow rates have been
found in general to retain a high proportion of their functional
groups7, as shown in chapter 3 for allyl cyanide, it was expected that
the thin films produced for the latter in the presence of iodine would
retain carbon-nitrogen functionalities as well as incorporating those

of carbon-iodine.

4.2 Experimental

The apparatus used was identical to that in chapters 2 and 3,
except that the iodine and monomer tubes were attached to a T-piece
upstream of the reaction chamber to ensure mixing of the reactants
prior to entering the reaction chamber, Figure 4.1, Iodine was vacuum
sublimed into a monomer tube secured by a Young’s tap:
chloroacrylonitrile and allyl cyanide were degassed prior to use by
freeze-thaw cycles in the usual way.

Iodine vapour was bled into the chamber at its vapour pressure

(0.95mb as measured by the Pirani head used); whilst the partial
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pressure of bromine, which was found to have a higher vapour pressure in
excess of 0.4mb, was controlled using an Edwards needle valve. 1In each
experiment, the partial pressure and flow rate of the monomer were
determined separately before addition of halogen vapour to the system.
Only once the total pressure and flow rate of the system had been
determined was the rf plasma ignited. The effect of introducing
monomer into the system after initiation of a plasma in monomer vapour
alone can be seen in Plate 4.2 Time increases on descending the
photographic series, such that the initial purple glow of the monomer
(Plate 4.1) was immediately turned, on introduction of iodine vapour, a
characteristic white, which became on off-white / yellow colour as film
built up on the walls of the reactor. The glow volume also began to
reduce in size. Next, as the iodine monomer tube was heated with a
hairdryer (to increase the concentration of iodine vapour in the
system) the glow volume rapidly shrank in size until it occupied only
the coil region. Deposition was found not to occur outside this glow,
but rather was concentrated inside the coil region itself - Plate 4.5
shows the distribution of the deposited film at the end of the
experiment. The visible deposition in the tail region occurred during
the early stages of the experiment, immediately prior to and after
after the introduction of iodine vapour such that the glow volume still
encompassed the entire chamber. 1In general, deposition occurred only
in the glow region for allyl cyanide, although this was not always the
case for chloroacrylonitrile, perhaps reflecting a difference in
deposition mechanism between the two monomers.

Ratios of elemental stoichiometries with respect to carbon were

determined by ESCA in the wusual manner wusing a Kratos ES300
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spectrometer, except that Cls envelopes were not fitted since the
carbon-iodine environments proved unresolvable from the
carbon-nitrogen, carbon-chlorine (for chloroacrylonitrile) and
carbon-oxygen environments in the film.

UV absorption spectra were taken by depositing plasma polymer
onto quartz windows prior to running on a Phillips PU 8720 UV/Visible

Scanning Spectrophotometer.

4.3 Chloroacrylonitrile / Iodine

Initial experiments showed that the plasma glow volumes were
significantly reduced in the presence of iodine vapour (this was also
true of added bromine), being confined at low power to the immediate
area inside and surrounding the coil region (see Plates 4.1 - 4.4).
Glow volumes were found to increase for a given flow rate on increasing
the power input to the system. This effect, which was also observed
for acrylonitrile,3 is thought to be due to molecular iodine in the
plasma chamber scavenging the free electrons responsible for the
production of excited states (both neutrals and/or ions) via electron
impact excitation. Since the characteristic plasma glow is due to the
light emitted when these excited states return to their ground states,
removing the incident electrons from the system extinguishes the glow.
Increasing the power available to the system increases the numbers of,
and kinetic energies available to, the electrons such that sufficient
remain unquenched to initiate and maintain the glow. Deposition within
the glow volume occurred more readily upstream of the coil region than
in the tail region; a third aluminium substrate was therefore

positioned 6cm upstream of the in-coil substrate. Absence of the glow
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volume was found to roughly correspond with absence of film formation.
However, some {(incomplete) deposition was observed immediately
downstream of the glow region and thought to be caused by species
activated in the glow volume flowing and/or diffusing downstream. This
suggests that electron impacted excited states (both neutrals and ions)
are responsible for film deposition. This would be consistent with the
observation by Clark et al8 who proposed that radical cations are the
depoéiting species in the plasma polymerization of the
perfluoroethylenes, rather than the radical rapid step growth mechanism
suggested by Yasuda9 for plasma polymerization in general. However,
decomposition of excited states of unsaturated ethylenic compounds
below the ionization potential can lead to radical products via both
valence shell and Rydberg stateslo, which in turn can be quenched in
the presence of iodine., That these excited states can lead to thin
film formation is shown in chapter 5, which details chloroacrylonitrile
surface photopolymers formed in both the conventional and vacuum
ultraviolet regions. This in turn indicates that the iodine here is
indeed acting as a free radical, as well as a free electron, scavenger
(NB that the latter must occur as well is shown by the presence of
ionic iodine species in the deposited films as detailed below). 1In

addition to positioning aluminium substrates in the in-coil and tail
region positions outlined in chapter 3, a third substrate was placed
6cm upstream of the coil on the basis of preliminary experiments in
which deposition occurred more readily upstream of the reactor than
downstream in the tail region. Two experimental series were carried
out - varying the power input to the system, W, for a fixed flow rate,

F; and vice-versa.
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I. Variable Power

A power range of 9-55W was used to plasma polymerize 0.1lmb of
chloroacrylonitrile (F=0.48cm38TPmind ). Introduction of iodine vapour
into the system raised the total pressure of the mixture to 0.limb
(measurement of the total flow rate proved unreliable with the
equipment available). No deposition occurred in the tail region except
at the highest power setting used (55W), whilst deposition upstream of
the coil (up-coil) did not occur until moderately high power (45W),
taking place more rapidly than in the tail region. Full coverage of
the aluminium substrate in coil occurred throughout the series.

Analysis of the resultant films by ESCA revealed that the chlorine
content was quite low, with a Cl:C elemental ratio in-coil of 1:10 or
less, rising to 1.3:10 in the upstream position. The ratio in the tail
region at 55W was found to be only 2:100. Variation of results in-coil
showed no discernible pattern, Table 4.1. The nitrogen content in all
the films was moderately high throughout, varying between 15 and 20:100
for the N:C elemental ratio, whilst that for I:C varied even more
between 18 and 56:100. The high iodine content can possibly be
attributed to some physical incorporation of molecular iodine into the
film, whilst the behaviour of the nitrogen and chlorine to carbon
ratios must be a result of iodine introduction, since the results for
monomer alone (chapter 3) showed, respectively, an overall decrease and
a minimum. Oxygen uptake was low.

Although the Cls spectrum was not resolvable, so that no
functional group analysis was possible, both Nls and 13d5/2 envelopes

were useful in this respect, Table 4.2. The Nls, Figure 4.2c, was

resolved into two main peaks centred at 399.3 eV (corresponding to
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622 620 618 287 285
BE (eV) BE (eV)

03 401 1399 537 535
BE (eV) BE (eV)

GURE 4.2 Chloroacrylonitrile / lodine 25W Flasma Folymer - Core

Level Spectra : (a) I3d5/2; (b) Clsz (c) Nis; (d) Ois.
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No per 100 C atoms Nls / ev 13d5/2 / ev

SUBSTRATE POWER Cl I N O 399.3 400.8 402.3 618.5 620.5

POSITION in W

UPSTREAM 9,25,35 no deposition
45 13 32 23 9 71 22 7 7
55 12 20 17 9 72 22 6 10
OUT OF 9,25,35,45 no deposition
‘COIL 55 2 21.5 33 9 64 30 6 0
OTES : Table 4.1 relates to the determined elemental ratios

er 100 C atoms, Table 4.2 to the Nls and I3d5/2 core level
pectra. The latter are expressed as a % contribution of each
inding energy component to the total area of that spectrum.

BLE 4.1 and 4.2 Chloroacrylonitrile / Iodine Plasma_golymer.
In coil results, F = 0.48 cm STPmin

No. per 100 C atoms Nls / eV I3d5/2 / ev
UBSTRATE DAYS IN Cl N I 0 399.3 400.8 618.5 620.5
OSITION AIR

PSTREAM 0 12 20 18 4 73 27 6 94

1 8 12 18 10 72 28 6 94
2 7 9 16 14 69 31 6 94
COIL 0 8 30 17 5 76 24 5 95
1 5 16 16 10 73 27 5 95
2 5 13 13 11 74 26 5 95
3 3 10 10 14 75 25 5 95
TE : 1. Original samples were analysed immediately after

nthesis, then stored at atmosphere in sample bottles prior to
analysis. 2. Nls & I3d5/2 envelopes are expressed as a %
ntribution of each component binding energy to the total area
served for the relevant core level spectrum.

BLE 4.3 Chloroacrylonitrile / Iodine Plasma Polymer - Effect of
Storage in Air.

93

90

100
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nitrile groups) and 400.8 eV (corresponding to N-C and N=C). A
shoulder at high binding energy suggests a third component centred at
402.3 evV. Its origin is unclear, but its appearance 8sSeems to be
linked, at 1least in part, with that of a shoulder in the 13d5/2
spectrum centred at 618.5 + 0.3 eV, Figure 4.2a. Since the latter would
be consistent with ionic iodine species being present in the films, the
Nls shoulder would not be inconsistent with a nitrogen cation, although
this was not proven. No overall pattern emerged for the Nls envelope
with respect to power, analysis giving the ratio of nitrile to C-N and
C=N groups at 2.5 + 0.5 : 1 throughout.

The main component of the I3d5 spectrum is centred at 620.5 +

/2

0.3 eV, corresponding to iodine covalently bonded to carbon, as well as
any molecular iodine incorporated into the polymer film. The second
iodine environment (618.5 eV) was only found to be in any real evidence
for chloroacrylonitrile for a 25W power input. This 1latter binding
energy could be accounted for by the iodide ion,I ; however, the UV
absorption spectrum, Figure 4.4, showed two distinct peaks centred at
288 nm and 368 nm, which are very similar to those found by Popov and

Swenson11 at 291nm and 360nm and determined to be characteristic of the

I3 ion. In addition, the gradual increase in absorption of the film

with decreasing wavelength is probably due to free radicals trapped in

the polymer. Ward found similar evidence for the presence of I3 in

plasma polymers of allyl iodides. At least part of the negative iodine

found by ESCA in the I3d5/2 spectrum for chloroacrylonitrile can

therefore be attributed to I3_. No peak was found in the UV spectrum

at 548.3nm or 499.5nm, which would be due to adsorption by molecular

. .. 12 . . . . _— .
iodine suggesting that, for this particular film, the majority, if



125

RBS

1

v

4UUL

DUﬁT

by

4.1 o

BUBH‘

Bl
d.u 4.1 B, 2 b.3 4.4 4.2
ABY

SAMFLE 4~ SwrRoAeloN TR W R g NEFEKENCE CUV T Fius s ¥ag 8 it

LeLL PAIH X Serv ey L UPERATUK
11
1 2z 3 4 ) & ¢ 8 _
1N L6876 367.8

AbS ¥, 5on u.db¢

FIGURE 4.4 Chloroacrylonitrile /7 Iodine 25W Flasma Folymer

LV Absorption Spectrum.



126

not all, of the iodine present as indicated by the 620.5 eV peak in the
I3d5/2 spectrum is due to covalently bonded iodine. The ratio for the
intensity of the low binding energy shoulder to the main peak at 620.5
eV decreases with the increasing iodine to carbon elemental ratio
determined by ESCA, reinforcing the idea that the ionic content of the
plasma polymer is low.

The possible nature of a positive counterion still needs to be
considered. Carbocations are notoriously unstable except in strongly
acidic media; however, Ward suggested that the most likely counterion
for allyl iodide plasma polymerized in the presence of iodine is an
allylic cation with the positive charge spread over the three carbon
atoms (such that it might be expected to be resonance stabilised, and
hence survive for a short while in the polymer).5 The structure of
chloroacrylonitrile does not lend itself so readily to such allylic
carbocation formation as to cleavage of the carbon-chlorine bond to
give CH_C+CN. In addition, the possibility exists that a nitrogen

2

. . ‘s . + -
cation might be present (the nitrile group may react to give -C-N =C I

and/or -C—N+zC I3 ), although the true nature of any such counterion is
unclear. In contrast, plasma polymerization of allyl cyanide in iodine
vapour might be expected to give rise to a higher proportion of ionic
iodine environments in the deposited film since the formation of an

allylic counterion is likely to be easier. This postulate is examined

in section 4.4.
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CHLOROACRYLONITRILE / IODINE PLASMA POLYMER
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ITI Variable Flow Rate, 25W

Three substrate positions were studied as above. Partial
pressures of 0.lmb to 0.18mb of chloroacrylonitrile were used,
corresponding to flow rates of approximately 0.4-0.6 cm3STPmin_1. The
addition of iodine vapour was found to decrease the measured total flow
rate in all cases, the most marked effect occurring at the mid-series
flow rates of chloroacrylonitrile. However, repeated coating of the
Pirani-head by molecular iodine during subsequent experiments was found
to make any total flow rate (ie chloroacrylonitrile + iodine)
measurements unreliable. The results, Figures 4.5 and 4.6, are
therefore displayed as a function of the partial pressure of
chloroacrylonitrile used. Only the N1s spectra were fitted for the
reasons outlined in section I.

Deposition occurred readily both in, and upstream, of the coil for
all conditions except 0.lmb. Hence increases in power and monomer flow
rate each lead to increased deposition rates in the latter substrate
position. In contrast, no deposition was observed in the tail region
under any conditions, suggesting that this portion of the reactor
chamber falls in the power deficient region proposed by Yasuda and
Hirotsu13, since deposition was found to occur in this position for 55W
in section 1I. Chlorine content of the films was markedly higher
up-coil than in the coil region itself: the higher power availability
in coil here probably reflects a higher scission rate in the latter
substrate position for the carbon-chlorine bond. Both regions exhibited
an increase in the Cl:C ratio with higher flow rate, whilst the N:C

ratio showed differing behaviour for the two films - in coil, the ratio

rising with increasing F, whilst wupstream the ratio fell. This
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compares to the maxima for both chlorine and nitrogén content found in
the absence of iodine (chapter 3), whilst oxygen uptake by the films
decreased with (higher) flow rate, as expected. The total iodine
content of the film (whether in molecular, covalent or ionic form)
showed maxima at 0.13mb and 0.15mb of chloroacrylonitrile respectively
for the in coil and upstream positions.

The I3d5 envelope again gave evidence for the formation of

/2
negative iodine species in coil, the most obvious example occurring at
low flow rate (0.1lmb). Evidence for the presence of I3— again came
from the UV absorption spectrum, which exhibited two peaks near 288nm
and 367nm. These were found to disappear with time on exposure to the
atmosphere, indicating that the polyiodide ion is unstable under these
conditions, probably eliminating molecular iodine. In order to examine
this possibility, two films (in-coil and upstream substrates for 25W,
0.13mb)) were re-examined by ESCA after storage in air for 48 hours.
The results, Table 4.3, show that the Cl:C, I:C and N:C ratios all
decreased, whilst that of 0:C increased. The chlorine to carbon
elemental ratio showed the largest overall drop on reanalysis after 24
hours (over 30% for each film), presumably due to degradation of the
sample by x-rays (the carbon-chlorine bond is labile, see chapter 3)
together with an increase in the hydrocarbon content of the film due to
extraneous contamination, not least during the ESCA analyses
themselves. The percentage drop for iodine content in coil was only
about 10%, rising to 40% for the upstream sample. Again this could be
caused by x-ray degradation and/or hydrocarbon contamination of the

sample in the spectrometer; however, the differing amounts by which

this occurs suggests otherwise. After 48 hours the chlorine was found
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to be stabilised; the ratio of iodine to carbon had fallen further.
Thé ratio of ionic to covalent iodine peaks remained effectively
constant throughout, indicating that the disappearance of the latter
species (as monitored by ESCA) and I3_ (as shown by the UV absorption
spectra) are linked. The nitrogen content of the films throughout the
two days remained constant within experimental error, whilst - not
unexpectedly - uptake of oxygen, presumably by the free radical sites
in the film surface suggested to be present by the UV adsorption
spectrum, increased with time, this effect being more marked for the
upstream sample than for that in coil.

Analysis of the Nls spectrum for the variable flow rate series
showed an overall increase in nitrogen content of the films with flow
rate, whilst the ratio between nitrile and other nitrogen environments
varied between approximately 2:1 at 0.lmb of chloroacrylonitrile (and
hence low flow rate) and 4:1 at 0.18mb (high flow rate). A slight
shoulder was again observed to the high binding energy side of the
envelope, corresponding to a small shoulder on the low binding energy
side of the I3c15/2 peak. However, both shoulders were markedly less

than those observed for 25W in coil film in section I with the

exception of the result obtained for 0.1lmb of chloroacrylonitrile.

III Summary

The above results reveal marked differences in the plasma
polymerization of chloroacrylonitrile in the presence of iodine vapour
compared to that in the presence of monomer vapour alone. In
particular, iodine drastically affects the glow volume in the

deposition chamber and also inhibits polymerization, especially outside
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this region. Such inhibition can occur via iodine either quenching
free electrons in the system, and hence preventing electron impact
excitation of the monomer, or else by free radical scavenging of
depositing species resulting in termination of the deposition process.
Overall, the plasma system (the tail region in particular, where
deposition only occurred at b55W) is found to be power deficient
according to the model of Yasuda and Hirotsu13. Analysis of the
resultant films by ESCA and UV absorption spectrometry reveal the
presence of small amounts of ionic iodine species, probably I and

I3 . On standing film samples in air for 48 hours the iodine content
decreases with time, presumably due to decomposition of the observed
polyiodide (13—). Since oxygen uptake also occurs during this process
some free radical sites must be left unquenched in the film surface by
the iodine. In addition, although the decrease in the Cl:C elemental
ratio after 24 hours <can be attributed to lability of the

carbon-chlorine bond, the 1lack of further degradation suggests that

about half of the chlorine environments are not labile.

4.4 Allyl Cyanide Iodine

Allyl cyanide was found to exhibit different behaviour to
chloroacrylonitrile in the presence of iodine, but showed remarkable
similarities to allyl iodide as studied by Wards. The latter compound

was found to have a C:I stoichiometry of 13:1 for a flow rate of

1cm3$,rpmin_1 at 4W5, the ratio increasing with higher power. 25% of

the iodine present was found to be in the form of ionic species - ie I

and/or 13—, whilst storage in air was again found to decrease this

ionic contribution to the I3d spectrum, such that after 24 hours the
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peak observed at 619 eV completely disappeared. The corresponding
cation was thought to be allylic in nature, evidence for which came
from the solid state NMR spectrum of (allyl iodide) plasma polymer.5
This result was thought to be the first example of a polymer in which
ions can be detected in the bulk, although the observation of negative
ions at the interface between a perfluoropropane plasma polymer and its
substrate has been claimed by Haque and Ratner14. A radical addition
mechanism was subsequently suggested not to occur for allyl iodide
plasma polymerization on the basis that surface photopolymerization
using both conventional and vacuum ultraviolet radiation failed to
deposit a film, indicating that UV excited state chemistry is not
responsible for film deposition for this monomer.5 However, iodine is
an integral part of the monomer in allyl cyanide; the allyl cyanide /
12 system therefore provides a comparison.
I Variable Power

As with chloroacrylonitrile / iodine, three substrate positions
were used - in coil, upstream of the coil, and in the tail region.
Attention was paid to the effect of power on the glow region, and the
effect of the glow itself on both the depositioq rate and the chemical
nature of the film deposited. A flow rate of-0.280m3s,rpmin_1 was used
throughout, the power being increased in stages from 8-60W. The glow
volume was found to increase with increasing power, suggesting that
addition of iodine to the system causes it to be power deficient. The
colour distribution of the glow volume differed from that obtained for

chloroacrylonitrile - the mauve-blue of pure monomer gave way, on

introduction of iodine vapour, to a pure white glow downstream of the
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coil. An off-white colour tinged with the original mauve-blue was
observed in-coil, whilst a tinted orange/yellow glow occurred upstream
of the coil region near the monomer/iodine inlet. This colour
distribution ~ from pure white to orange-yellow - was found to reflect
the observed film deposition rates, since the walls of the reactor were
rapidly coated with polymer in the yellow, upstream, glow region - the
vellow colour being due to the film depositing so quickly that it
filtered the visible emission - and also in the coil region itself.
Coating occurred more slowly in the white glow volume, and not at all
outside. In a separate experiment a pure iodine plasma was found to be
white in colour; hence it is excited iodine species in the plasma which
are responsible for the main change in colour throughout the reactor,
which obscures that due to excited species of allyl cyanide. The
maximum deposition rate only occurred in coil at the 1lowest power
setting used (8W), so polymer ablation and etching must dominate the
plasma polymerization process here under high power conditions - ie the
coil region is monomer deficient. This contrasts with the upstream and
tail regions, and also the chloroacrylonitrile system as a whole, which
were all found to be power deficient.

The colours of the glow volume also reflected the differences seen
in the colour of the films formed, varying from orange (upstream and 8W
in coil samples) through to grey (obtained in the tail region at GQW,
the only power setting at which the white glow volume incorporated this
substrate position). Overall, the relationship between glow volume and
plasma polymer formation can be summed up by :

NO GLOW = NO FILM DEPOSITION
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This is different to the acrylonitrile and chloroacrylonitrile /
iodine systems, in which some deposition occurred outside the glow
volume, even although insufficient to completely cover the substrate.

Quantitative analysis of the films by ESCA (Table 4.4) revealed
the following :

a) Iodine content of the film in coil showed an overall decrease
with increasing power, whilst for the upstream position at 40W the I:C
ratic was more than twice as great (2.3:1) as that in coil. The one
tail region substrate showing deposition (60W) also revealed a higher
iodine content than the corresponding film in coil by 3.3:1.

b) The N:C ratio was initially low (12:100) at low power (8W),
rising to 19 + 1 : 100 thereafter. The Cls envelope was not fitted,
whilst the Nls envelope gave no discernible pattern over the power
range used. However, a preliminary experiment at 8W using a higher
flow rate gave a higher nitrogen content (N:C ratio 22:100), together
with a much increased ratio of 7:1 for the 399.3 eV peak component
versus that at 400.8 ev. This compares with 2.5:1 or 1less for the
remainder of the series, and suggests that elimination of nitrogen
containing species - probably as cyanide radical or ion - occurs more
readily at 1lower flow rates. This again classifies the "system as
monomer deficient, as outlined above.

c) Oxygen content of the films generally decreased as the monomer
flow rate increased. On exposing the 60W sample to air for 30 hours,
the oxygen uptake almost quadrupled the 0:C ratio. This, together with
the increasing UV absorbance below 500nm (Figure 4.7), again suggested
that some free radicals were present in the film surface. The out of

coil sample showed similar behaviour.
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ELEMENTAL RATIOS

No.per 100 C atoms

I

22

17

23

18

16

N

12

20
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17

15
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11

16

14

(0]

10

Nls / ev

Al 399.3 400

- 87
- 56
- 68
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66
Y2 -
Y2 -
Y2 -
Y2 53
Yz 64
- 56
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13

35

217
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13052

.8 402.3 618.5 620.5

5 22

3 30

/ ev

69

64

78

70

82

71

89

58

55

Sample stored in air for 30 hours prior to reanalysis.

Y indicates an Al2p signal was visible.

An overlayer

calculation was therefore used to calculate elemental

ratios with respect to carbon.

X-ray degradation experiment - sample retained in

spectrometer and immediately reanalysed.

TABLE 4.4 - Quantitative ESCA analysis of Allyl Cyanide

Plasma Polymerized in the Presence of Iodine Vapour.
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FIGURE 4.8 Allyl Cyanide / Iodine Plasma Folymer - Typical Core

Level Spectra : a) I3dS5/2; b) Cis; ©) Nis; d) Ols.



139

d) Exposure to the atmosphere also dramatically decreased the
iodine content of the film, especially for the out of coil sample. 1In
order to eliminate the possibility that x-ray degradation of the sample
during reanalysis is responsible for this result, the 40W sample was
retained in the spectrometer and immediately rerun. The results showed
only a slight decrease for both I:C and N:C ratios, in line with those
expected for build-up of extraneous hydrocarbon on the surface of the
film, confirming that the iodine species were not labile, and that the
result for storage in air is accurate. Further confirmation of this
came from the I3d5/2 spectrum itself, resolution of which showed a
substantial increase in the ratio of covalent and molecular, to ionic,
iodine environments from 2.3:1 to 4.6:1 (in coil) and from 2.4:1 to
8.1:1 (in the tail region). The ratio of the two peaks remained
unchanged after attempted x-ray degradation, and had not been found to
show any pattern in variation with respect to power.

e) The films left standing in air overnight were also studied by
UV absorption spectroscopy. The absolute intensities were found to
have decreased as expected; however, the relative intensities of the
30inm peak to that at 380nm were also found to have changed, increasing
from 1.1:1 before exposure to 1.5:1 after. No absorptions were found
at 548.3nm or 499.5nm corresponding to molecular iodine.

f) Whereas plasma polymers of pure allyl cyanide (and the
acrylonitriles) were found to be insoluble in all solvents tried, both
organic and inorganic, those of allyl cyanide / iodine were soluble in
acetone. This suggests that the latter films are not as highly

crosslinked.
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The above data thus indicates a greater ionic iodine content of

the allyl cyanide / I, films compared to either chloroacrylonitrile or

2
(on the basis of ESCA data) allyl iodide plasma polymers, since the

13d5/2 envelope for the former often gave 618.5 eV to 620.5 eV peak
area ratios between 1:8 and - more importantly - 4:1, as detailed in
section I and II below. Thus, unlike allyl iodide or

chloroacrylonitrile, the nature of allyl cyanide plasma polymers can be
dominated by ionic, rather than by covalent species. Attempts to
characterise an allyl cation using solid-state carbon-13 NMR were

unsuccessful; however, this remains the likely counterion.

II Variable Flow Rate at 21W and 42W

The flow rate of allyl cyanide monomer proved difficult to control
in the presence of iodine vapour, which was used at vapour pressure
throughout. Three substrate positions were used as before. Results
are presented in Table 4.5. The main trends were

a) The colour distribution in the glow volume was similar to that
for the variable power series. However, on increasing the monomer flow
rate, the film deposition rate in the tail region increased, showing
this region to be monomer deficient. -

b) The nitrogen content of the deposited films showed random
variation with flow rate within experimental error. A power dependence
was seen as in section I - a higher N:C ratio occurring in coil at the
lower power used (21W). This is close to the 1:4 maximum ratio
expected for a conventional allyl cyanide polymer, indicating that
nitrogen containing groups were increasingly eliminated as the power

input to the system increased.
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ELEMENTAL RATIOS
No. Per 100 C atoms Nls / ev I3d5/2 / ev
SUBSTRATE POWER FLOW I N o) Al 399.3 400.8 402.3 618.5 620.5

POSITION in W RATE

IN COIL 21 0.28 17 20 2 - 56 35 9 36 64
0.48 34 27 4 - 36 64 - 62 38
0.481 21 22 3 - 42 58 - 63 37
0.483 23 19 3 - 58 42 - 37 63
0.67 33 26 5 - 17 83 - 79 21
42 0.28 8 19 5 - 68 27 5 22 78
0.28 12 15 2 - not fitted 15 85
UPSTREAM 21 0.28 20 13 6 - 60 40 - 34 66
0.48 26 17 2 - 60 40 - 32 68
0.483 26 17 2 - 64 36 - 33 67
0.67 26 16 2 - 60 40 - 32 68
42 0.28%18 16 4 - 56 44 - 42 58
0.28l 16 14 4 - 61 39 - 45 55
0.282 22 21 1 - 53 44 - 35 65
TAIL 21 0.28 no deposition Y

0.48 no deposition Y NOTES
3

0.48" no deposition Y 1. X-ray degradation experi-
0.67 no deposition Y ment.
42 0.28 no deposition Y 2. Repeat experiment for a.
0.48 no deposition Y 3. Power measure in W, flow
- \ 3 . -1
0.67 no deposition Y rate in cm min .

STP
TABLE 4.5 - Quantitative ESCA Analysis of Allyl Cyanide

Plasma Polymerized in the Presence of Iodine Vapour



142

c) Iodine content of the films increased with monomer flow rate.
Since the system is overall monomer deficient and the partial pressure
of iodine was kept constant throughout, this suggests that chemical
incorporation into the plasma polymer occurs rather than molecular
iodine simply being physically adsorped. Oxygen incorporation was
small for all the films analysed, and showed no obvious trend.

d) Cls spectra were not fitted. Resolution of Nls envelopes
showed the ratio of cyano (399.3 eV) to other nitrogen environments
(400.8 eV) decreases at higher flow rate for 21W. No evidence was
found for a shoulder centred at 402.3 eV, In contrast, the 618.5 eV

shoulder in the I3d5 spectrum was significantly increased compared to

/2
previous samples. Quite distinct, its area ratio versus the 620.5 eV
pgak was found to be at a maximum ratio of 4:1 for a 21W power
input/high flow rate film produced in coil (Figure 4.10). Little
variation was found with flow rate at 42W, the area ratio remaining
approximately constant at 2:1 in favour of the 620.5 eV peak.

f) No deposition was observed in the tail region under any of the
experimental conditions used.

X-ray degradation was found to occur for the two samples chosen at
random : a mid-flow rate, in coil sample deposited at 21W and a 1low
flow rate sample deposited upstream at 42W. The overall iodine content
decreased for both samples, although the ratio of covalent to ionic

environments remained unchanged for the 21W film. Converting the peak

percentages for each component to a ratio with respect to carbon gives:
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ELEMENTAL Binding Energy / eV
RATIOS Nls 13d5/2

SAMPLE I N 0 399.3 400.8 618.5 620.5
21W undegraded 34 27 4 10 17 21 13
degraded 21 22 3 9 13 13 8
42W undegraded 22 21 1 11 10 8 14
degraded 16 14 4 8.5 5.5 7 9

TABLE 4.6 X-ray Degradation of Allyl Cyanide / Iodine Plasma Polymers

All figures are given as a ratio per 100 carbon atoms. Hence both
ionic and covalent iodine are degraded for the 21W sample, but only
covaient iodine is lost to any extent from the 42W film. Similarly, it
is the 400.8 eV peak area which is degraded in absolute terms for the
Nls envelope, indicating that the nitrile groups are not labile here.

Exposure of the 42W low flow rate sample to the atmosphere over a
period of 4 days, Table 4.7, showed that the iodine content dropped by

50% in the first 24 hours. This result is partially due to =x-ray

degradation of the sample as shown above; however, uptake of oxygen
was also observed. Again, the maximum rate of uptake - presumably due
to quenching of free radicals in the film surface - occur3 over the

first day, falling to about 1/6th of its original value overall.

The decrease seen in the nitrogen content of the films was
probably caused by x-ray degradation together with build-up of
extraneous hydrocarbon contamination on the surface of the film during
repeated analysis by ESCA, as suggested by the lower nitrogen to carbon
- ratios found for a 70 degree take-off angle. The Nls envelopes showed

a 9:7 ratio in favour of nitrile groups, increasing to 2:1 after 48
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ELEMENTAL ANALYSIS Binding Energy / eV

No. per 100 C atoms Nls I3d5/2
SUBSTRATE POWER FLOW DAYS I N O 399.3 400.8 618.5 620.5
POSITION in air

UPSTREAM 42 0.28 0 18 16 4 56/9 44/7 42/8 58/10
1 9 13 9 64/8 36/5 34/3 66/6
1 5 11 11 65/7 30/3 32/2 68/3
2 7 12 10 63/8 37/4 41/3 59/4
4 4 12 14 63/8 37/4 34/1.5 66/2.5
4 3 9 12 66/6 34/3 31/1 69/2
NOTE : 1. Those samples annotated by 1 were run at a 70 degree take-off
angle; the remainder at 35 degrees.
2. The nitrogen and iodine envelopes are shown as both a
percentage of the envelope and a ratio versus carbon. Thus
56/9 in the Nls represents 56% of the Nls peak area and a
ratio of 9:100 for N:C.
Table 4.7 - Allyl Cyanide Plasma Polymerized in the Presence

of Iodine Vapour and stored in Air

hours, whilst the covalent to ionic iodine ratio - as shown in the
I3d5/2 envelopes - increases from 1.25:1 to 2:1 over 4 days. How much
of these latter observations are due to exposure of the films to the
atmosphere, and how much to X-ray degradation, is unclear.

All the plasma polymerizations outlined above were carried out
using allyl cyanide / iodine premixed in a T-piece prior to entering

the plasma chamber. The system was therefore altered such that iodine

vapour did not come into contact with the monomer vapour until the
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latter was itself élready in the main chamber, Figure 4.11. A 42w

plasma was ignited in a medium flow rate of allyl cyanide

(0.48cm3STPmin 1) in order to see what effect, if any, this alteration

of iodine inlet position might have on the system. This proved quite

marked for the in coil substrate position, Table 4.8, with both iodine

ELEMENTAL RATIOS Binding Energy / ev
No. per 100 C atoms Nls 13d5/2
SUBSTRATE INLET I N o] 399.3 400.8 618.5 620.5
POSITION
IN COIL o] 34 27 4 36/10 64/17 62/21 38/13
c 23 19 3 58/11 42/8 37/8.5 63/14.5
UPSTREAM o] 26 17 2 60/10 40/7 32/8.5 68/17.5
o 26 17 2 64/11 36/6 33/8.5 67/17.5

NOTE : 1. The nitrogen and iodine envelopes are shown as both a
percentage of the envelope and a ratio versus carbon. Thus
36/10 in the Nls represents 36% of the Nls peak area and a

ratio of 10:100 (ie 1:10).

2. O = monomer inlet in original position, C = in main chamber.

TABLE 4.8 Effect of Moving Iodine Vapour Inlet
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and initrogen contents decreased in comparison with the original result
obtained. Only the oxygen content remained unchanged, since the Nls
and 13d5/2 envelopes also showed changes - the Nls indicating that the
ratio of nitrile groups to carbon atoms in the film was unchanged at
about 1:10, whilst the ratio of other nitrogen environments (N-C and
N=C) to carbon dropped by about half. The ratio of the latter to
nitrile groups also fell from 1.7:1 to 0.73:1 - ie nitriles now account
for more than half of the nitrogen present. The ratios of ionic and
covalent iodine to carbon respectively changed from 0.21:1 and 0.13:1
to 0.09:1 and 0.15:1, such that the abundance of ionic species in the
film over covalent previously found (1.6:1) was reversed (to 1:1.7).
In contrast, the film deposited in the upstream region showed little
difference as a result of the inlet change. No deposition occurred in
the tail region for either position. Why this positional dependence of
the iodine inlet affects only the in coil . substrate is not fully
understood. However, the result indicates that the decrease in the
iodine content in the plasma polymer is linked to the ratio of nitrile
to other nitrogen species occurring in the film - the lower the nitrile
content of the film, the higher the ratio of ionic to covalent iodine.
This can be accounted for by the loss of CN by monomer molecules to
give allyl cations as counter ions for I and 13_.
IIT Summary

Allyl cyanide plasma polymers deposit quite readily in the
presence of iodine vapour, but only in the glow volume. Hence the
nature of the films formed is dependent not only on the power and flow

rate of the system, but also the position of the substrate and iodine
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vapour inlet in the reactor chamber in relation to the extent of the
glow region. Analysis of the films formed by ESCA (Figure 4.2b) and UV
absorption spectrometry (Figure 4.7) revealed the presence of ionic
iodine environments. Although, the peak separation is the same as for
chloroacrylonitrile (79 + 0.5 nm), such that 13- is again thought to be
responsible, a greater absolute absorbance occurred for the allyl
cyanide films, reflecting a much higher ratio of ionic to covalent
environments as found in the I3d5/2 spectrum. Some of the films proved
to be X-ray degradable, whilst all took up oxygen on standing in air.
This also caused loss of iodine species, in particular the polyiodide
ion, the absorbance of which in the UV was found to have disappeared
after four or five days. The ratio of ionic to covalent iodine was
found to be linked to that for nitrile to other (N-C and N=C) nitrogen
environments, and was attributed to formation of allylic cations to
balance the number of ionic iodine species in the film to effect
overall neutrality.

Since the visible plasma glow is due to emissions in the visible
region from electron impacted excited states (whether ions or neutral
species) returning to their ground states, the absence of these must
again be linked to the absence of film deposition outside the glow
volume, Using Ward’s evidence that surface photopolymers of the
analogous compound allyl iodide could not be obtained in the UV,5 it
seems likely that excited state chemistry below the ionisation
potential does not play the same important role in plasma
polymerization here as for the acrylonitrile family. In particular,

the radical addition mechanism suggested for the latter is unlikely to

occur for the allyl cyanide system, firstly in view of the probable
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existence of allyl cations in the deposited polymer film, together with
the strong presence of ionic iodine species, both of which illustrate
not only the importance of ion chemistry in this case, but also the
differing excited states, and hence chemistry, compared to the

acrylonitrile family.

4.5 Allyl Cyanide / Bromine

‘Bromine was introduced to the system as a direct substitute for
iodine in order to compare the effect between the two halogens. Since
bromine was found to have a much higher vapour pressure as measured by
the Pirani head (0.4mb), an Edwards needle valve was used to control
its partial pressure and hence flow rate. Variation of the plasma
polymerization process was monitored with respect to power and monomer

flow rate.

I Variable Power

0.1ﬂcm3STPmin-1 of allyl cyanide, corresponding to a partial
pressure of 0.08mb, was premixed in a T-piece with bromine vapour prior
to entry into the main chamber at 0.lmb total pressure. A plasma was
ignited in the usual manner, the glow volume (purple in colour) being
initially confined to the coil region. Increasing the power input to
the system increased the glow volume. More importantly, deposition was
found to occur outside this, immediately providing a contrast with
allyl cyanide / iodine. Substantial deposition occurred in both the
upstream and tail regions in addition to in-coil; ie similar to the

case for a plasma of pure allyl cyanide. Initiation of a plasma in the

latter followed by introduction of bromine vapour at a later stage
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resulted in a shrinkage of the glow volume. Heating the bromine
monomer tube with a hairdryer increased the amount of bromine in the
main chamber and restricted the glow volume to that of the coil region.

The chemical composition of the films obtained at 20W and 40W was
obtained by ESCA, Table 4.9. Typical core level spectra are shown in
Figure 4.9. Depth profiling studies showed that the polymer was
effectively homogeneous; however, an x-ray degradation 'study proved
the bromine content to be labile. This last result, together with the
relative lack of reproducibility for the 20W sample for the bromine
level (those of nitrogen and oxygen remained constant within
experimental error) suggested that at least some bromine might be
physically, rather than chemically, incorporated into the £film. That
physical adsorption onto surfaces easily occurs was shown by a control
experiment in which bromine was introduced into the reactor in the
absence of monomer, coating all surfaces (glass and substrate) quite
thickly. Repeated use of the Edwards needle valve was also found to
result in bromine deposition inside the valve itself over a period of
time, necessitating reqular cleaning.

The main points of interest re chemical cqmposition as revealed by
ESCA were : )

a) Elemental analysis gave an initially very high Br:C ratio
(68:100) at 7W for the in-coil region which dropped on increasing the
power. However, the 1lack of reproducibility of this ratio (as
commented on above) is difficult to explain but would be consistent
with differing amounts of molecular bromine being adsorped into the
film. The N:C ratio showed a minimum at 40W, whilst the oxygen level

generally increased with power.
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b) Upstream of the coil the maximum bromine uptake occurred at
20W, similarly large amounts being found at 7W and 60W. The nitrogen
level increased between 7W and 20W, remaining constant within
experimental error thereafter. Incomplete coverage of the aluminium
substrate was observed at 7W, no deposition occurring outside of the
glow volume under this condition . Full deposition occurred as the
power was increased, indicating that the allyl cyanide / bromine system
is power deficient compared to that of allyl cyanide / iodine, which
was found to be monomer deficient. Introduction of a fourth substrate
3cm upstream from the in coil position(l) - ie mid-way between this and
the original upstream position(2) - gave a nitrogen content and Nls
envelope similar to (2), whereas the bromine content proved more
similar to that for the in-coil sample (1).

c) Full deposition occurred in the tail region except at 7W (as
for the upstream position). The level of bromine content was erratic
with respéct to power and showed little evidence of reproducibility
even at the same power. A ratio of 2:1 was maintained in the Nls
envelope in favour of the 399.3 eV peak (corresponding to intact cyano
/ nitrile groups in the film) over that at 400.8 eV (N-C and N=C
environments). This ratio showed no change within experimental error
over the series. The corresponding ratio for the upstream position was
7:3, whilst that in coil dropped from 4:1 at 7W to about 2:1 at 20W.
Since no shoulder was visible in the Nls spectrum, the presence of
nitrogen cations can be discounted.

d) The Br3d envelope was peak fitted to check for the presence of
ionic environments. In addition to the expected (spin coupled) peaks

occurring at 69 and 70 + 0.5 eV (due to Br3d3 and Br3d Figure

/2 5/2'
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FIGURE 4.9 Allyl Cyanide / Bromine Flasma Folymer - Typical Core

Level Spectra : a} Br3d; b) Cls; c) Nls;y d) Ols.
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FIGURE 4.10 EBr3d Core Level Spectrum (Molecular Bromine).

7., 69
BE (eV)

FIGURE 4.11 Br3d Core Level Spectrum - Allyl Cvanide Flasma Folymer;

Incomplete Coverage of the Aluminium Substrate.



YL CYANIDE / BROMINE PLASMA POLYMER

FIXED F, VARIABLE W - ATOMIC RATIOS ALLYL CYANIDE / BROMINE PLASMA POLYMER
» per 100 C Atoms Ca) FIXED F, VARIABLE W - N1s Envelope
153 No. per 100 C Atoms (b)
90
_' [ 0l o
. ]
- | _{
70 |- ®
®
) i 1 a
_ ol
®
- A 50 B
|
[ A A . 4 |
| = g o A § 8 a
a = 0| g o o
i 6 ‘ °
i ® 20 ©
i 1 ! 1 ] 1 10 1 1 i i 1 1
10 20 30 40 50 60 0 10 20 a0 40 50 60
POWER /W POWER /W
BrINCOIL BrUPSTREAM BrOUT 399-3:" IN 399-3:V up 398.3ev OUT
® | A
NINCOL NUPSTREAM N QUT 40080vIN 400,80V LR 400.8av OUT
@) o

FIGURE 4.1 Results - Allyl Cvanide / Bromine Flasma ~olymer

YL CYANIDE / BROMINE PLASMA POLYMER ALLYL CYANIDE / BROMINE PLASMA POLYMER
FIXED W (35W), VARIABLE F 36W, VARIABLE F - N1s Envelope
. 100 C At c % of N1s Envelope )
0. per oms () % (d)
= o0 ° °
°
7| n
N T e
° °
. ol o, n . »
i A ’
A
[ ] A ®
m -
L A
A
A
- © ) “r o® o ©
o] o ] fo)
LN © o o
i . A 4 30 |- o
o O
| 1 i B 1 1 1 20 1 1 1 | ] i i
02 04 06 04 1 12 14 16 18 02 04 06 08 1 12 14 16 18
ALLYL CYANIDE FLOW RATE / (CC(STP)/MIN ALLYL CYANIDE FLOW RATE / (CC(STP)/MIN
BIN BrUP BrOUT NIN NUP NOUT 309.3evIN 399.3evOUT 400.8evIN 400.8 ev OUT

[ ] u A O a A L u (@] m]



154

'4.10), attributed to bromine covalently bonded to carbon and/or
molecular bromine, a shoulder was evident in many films, to the low
binding energy (BE) side which could not be accounted for by spin
coupling , so that at least two environments were present. The
chemical shift was determined to be about 2 eV to lower BE, and so was
assigned to ionic bromine. Two further environments were also seen.
The first, some 2 eV to higher binding energy than those peaks assigned
to bromine covalently bonded to carbon (the latter being found at 69 +
0.3 eV and 70 4+ 0.3 eV) only arose for one sample, the repeat
experiment at 20W which gave an abnormally high bromine to carbon
ratio; the second, Figure 4.11, some 4 eV higher again, was seen
whenever an Al2p signal was visible, ie whenever incomplete coverage of
the substrate occurred, and so must be due to interaction between
bromine and the aluminium substrate surface. Table 4.9 also shows a
rough correspondence between the peak area ratios of the Br3d peaks due
to ionic species and the overall bromine content of the films - a high
number of ionic relative to covalent environments occurred when the
bromine to carbon elemental ratio was low, and vice-versa. No 6bvious
link was apparent between the level of ionic bromine in the film and
the percentage of nitrile groups or other nitrogen environments as seen
in the Nls envelope, in contrast to the situation for ionic iodine
species in sections 4.3 and 4.4. However, the ratio of peak areas
(399.3 eV : 400.8 eV) remained remarkably constant at about 2:1 for the
tail region films, varying slightly for both the in-coil and upstream

positions.
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ELEMENTAL RATIOS

No./ 100 C atoms

(69&70V + 0.3 eV);

compared to

(B) .

Br

68

10

43

25

22

12
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18
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N

19
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13
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25
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26

25

23

25
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10

13

11
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10
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no deposition Y

14
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38
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22

(

2.

27

23

27

27

20

C) to a +2 eV shift,

Repeat experiment. 3.

14

13

14

15

20

corresponds to the low BE

4. Substrate here 3cm upstream only.

Nls (BE/eV)

Br3d ENVIRONMENTS
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1

(B) (C) (D)

relative %’s

399.3 400.8 (n)
79/15 21/4 0
67/13 33/6 40
65/14 35/7 5
71/9 29/4 24
72/9 28/4 18
69/17 31/8 8
not fitted 5
72/19 28/7 60
75/19 25/6 6
67/15 33/8 38
66/16 34/9 66

not fitted not
63/18 34/9 65
62/14 38/9 7
62/17 28/10 11
65/18 35/9 46
66/13 34/7 21

(D)

(ionic) peaks;

to +6

Run at 70o

100 - -

60 - -
95 - -
76 - -
82 - -
92 - -
64 - 31
40 - -
94 - -
62 - -
34 - -
fitted Y
35 - -
42 52 -
89 - -
54 ~ - -
78 - -
(B) to covalent
eV shift, both

take-off angle.

5. X-ray degradation experiment.

6. 66/26 in N1ls data= 66% of total peak area and an N:C ratio of 26:100

TABLE 4.9 Allyl Cyanide / Br

2

Plasma Polymers — ESCA Data
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Finally, on igniting a plasma at 60W with the bromine tap fully
open (ie at vapour pressure) and heated with a hairdryer to increase
the ratio of bromine to allyl cyanide molecules in the main chamber to
a maximum, the glow volume was confined to the coil region. Unlike the
case for allyl cyanide / iodine, deposition was still found to occur in
the upstream and tail regions, although an Al2p signal was seen on ESCA
analysis, indicating that the substrate was not completely covered by
the deposited film.. The results, Table 4.10, showed a high nitrogen
content in the plasma polymer. The nitrogen to carbon ratio in the
tail region, at 1:4, was the same as that expected from a conventional

allyl cyanide homopolymer.

ELEMENTAL RATIOS

No./ 100 C atoms Nls (BE/eV) Br3d ENVIRONMENTS1

SUBSTRATE POWER Br N 0 Al 399.3 400.8 (A) (B) (C) (D)

POSITION in W relative %’s
IN COIL 60 33 17 - Y 66/11 34/6 41 38 - 21
UPSTREAM 60 32 18 - Y 66/12 34/6 8 82 - 10
TAIL 60 20 26 - Y 66/17 34/9 31 48 - 21

NOTES: 1. (A) corresponds to the low BE (ionic) peaks; (B) to covalent
(69&70V + 0.3 eV); (C) to a +2 eV shift, (D) to +6 eV shift, both
compared to (B). 2. Nls peaks are expressed both as a % of the total

envelope area and as a ratio with respect to carbon, ie 66/11 = 66% and

a ratio of 11:100,

TABLE 4.10 Effect of Heated Bromine Vapour
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The ratio of the peak area for 399.3 eV to that for 400.8 eV was 2:1
for all substrate positions whilst a high level of ionic bromine was
found for the upstream and tail regions. The high binding energy Br3d
environment, due to interaction with the aluminium substrate, was seen

throughout.

II Variable Flow Rate

“on increasing the partial pressure of bromine in the system it was
found that the inside of the Pirani head quickly became totally coated,
such that determination of the true system total pressure and flow rate
was unreliable. The series was therefore carried out by measuring the
partial pressure and flow rate of allyl cyanide in the absence of
bromine and then isolating the Pirani head prior to introducing bromine
into the T-piece at its vapour pressure. The total pressure was then
quickly measured before coating of the Pirani head could occur, and was
found to be a constant 0.19mb throughout. The results are presented as
a function of the partial pressure of allyl cyanide, Table 4.11.

a) Bromine to carbon elemental ratios as determined by ESCA showed
little variation in the in-coil region, all films giving results in the
region of 0.5/0.6 : 1 with respect to carbon. Equivalent figures for
the tail region were 0.3 + 0.1 : 1., with no discernible pattern.
Oxygen content remained low throughout.

b) Nitrogen content in coil was similar to that in section I. The
tail region showed a decrease to single figures, all films showing
incomplete substrate coverage such that an Al2p signal was visible.

c) The upstream position also gave incomplete coverage, with

little evidence for any deposition at all at two pressures. The
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presence of a high binding energy environment has already been
attributed to interaction of bromine with the aluminium substrate; the
extremely high intensity seen on the two occasions when film was not
observed to deposit suggests that physical adsorption of molecular
bromine onto the surface of the aluminium has in fact occurred. It is
worth noting here that both the upstream and tail region substrates
fell outside the glow volume, which in turn was found to shrink with
incréasing allyl cyanide flow rate. The consequent decrease in
deposition rate observed for the system as a whole thus again
classifies it as power, rather than monomer, deficient (see section I).
d) The two films in the tail region for which complete deposition
was observed revealed two Br3d environments at about 2 eV higher
binding energy than for the remainder, the core level spectra being
similar to those reported in for the 20W tail region sample reported

above (section I).



159

ELEMENTAL RATIOS

PARTIAL No./ 100 C atoms N1ls (BE/eV) Br3d ENVIRONMENTSl

SUBSTRATE PRESSURE Br N 0 Al 399.3 400.8 (A) (B) (C) (D)

POSITION in mb relative %’s
IN COIL 0.1 58 20 3 - 62/12 38/8 - 100 - -
0.12 38 14 4 - 64/9 36/5 not fitted
0.11 47 17 3 - 61/10 39/7 " " o- -
0.112 54 16 5 - 63/10 37/6 " *ro- -
0.13 60 18 4 - 58/10 38/8 - 100 - -
0.15 60 19 3 - 65/12 35/1 not fitted
0.17 60 15 3 - 67/10 33/5 " "o -
0.2 60 14 3 - 53/7 471/7 - 100 - -
UPSTREAM 0.1 14 3 - Y not fitted 51 24 - 25
0.11 14 4 - Y " " 30 26 - 44
0.13 no deposition Y " " >>50
0.15 36 5 - Y " " 40 40 - 20
0.17 no deposition Y " " >>50
0.2 43 9 - Y " " 3 82 - 15
TAIL 0.1 37 ? - Y " " - 86 - 16
0.11 23 6 - Y 64/4 33/3 5 83 -~ - 12
0.13 40 12 - Y 59/1 41/5 - 89 - 11
0.15 28 7 - 62/4  38/3 - 36 64 -
0.17 34 9 - Y 60/5 40/4 29 56 - 15
0.2 30 10 -~ 62/6 38/4 - 5 95

TABLE 4.11 Effect of Increasing the Allyl Cyanide Flow Rate
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4.6 Summary

Plasma polymerization of allyl cyanide and chloroacrylonitrile was
carried out in the presence of iodine (both monomers) and bromine
(allyl cyanide only). Inhibition of the glow volume and film formation
were found to occur when halogen vapour was introduced into the plasma,
iodine in particular preventing film deposition outside the glow
region. Variation of deposition rate with power input and flow rate
showéd that chloroacrylonitrile was power deficient according to
Yasuda’s classificationls, as was allyl cyanide in the presence of
bromine. In contrast, the allyl cyanide / iodine system was monomer
deficient. All three systems gave rise to ionic halogen species, the
I3_ ion being determined by UV absorption spectrometry and degrading on
standing in air. An allylic cation seems the most likely counterion in
the case of allyl cyanide, as proposed by Ward for the plasma
polymerization of allyl iodide.5

A consideration of results in terms of the 1likely inhibition
mechanism of film deposition suggests that a free radical mechanism is
dominant in the case of chloroacrylonitrile plasma polymerization, but
not for allyl cyanide, which gives rise to a higher proportion of ions
in the resultant film deposited in the presence of iodine. However,
the presence of free radical sites in the deposited films - as
evidenced by the UV absorption spectra and also the uptake of oxygen on
prolonged exposure to air - show that radicals must play at least some
role in the deposition process. This contrasts with the case for
chloroacrylonitrile as monomer, which is thought to deposit mainly via

a free radical mechanism.
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Chapter S

DEPOSITION OF ORGANIC THIN FILMS BY PHOTOCHEMICAL TECHNIQUES
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5.1 Introduction

Absorption of radiation may have varying effects on a chemical
reaction, from subtle changes in reaction rate to drastic alteration
of reaction pathway.1 Hence photochemistry is a commonly used
technique in both synthetic organic, and inorganic, chemistry.
Energies available in ultraviolet (UV) and vacuum ultraviolet (VUV)
photochemistries in particular, although 1less than those available in
a pIasma {(see chapter one), are greater than for thermal reactions
such that new reaction pathways are available. Use of photochemical
techniques to initiate polymerization reactions in the liquid or solid
states involves creation of free radicals which promote chain growth.
Gas phase photopolymerization at low pressure have been carried out
by Melville on methyl m.ethacrylate,2 and by Gee3 and Srinivasan4a'b on
butadiene. The last of these, carried out in the -early 1960s,
preceded a number of studies during that decade which showed thin
films could be photochemically deposited from the vapour phase using
UV irradiation, with "monomers" styrene,5 divinyl benzene,6 acrolein,6
tetrafluoroethylene'7 and acrylonitrile,5 amongst others. These
monomers all contain C=C unsaturation which would be expected to
undergo polymerization via thermal techniques; however, other

compounds not normally thought of as "conventional" monomers in this

sense can also give rise to thin film deposition on gas-phase UV

9,10

. s . . 8a,b
irradiation, including benzene '

and the perfluoroaromatics
. 1 .

cyclohexanol, phenol and other aromatic compounds.1 This means of

thin film polymeric deposition has been termed Surface

Photopolymerization.12 The deposition of benzene was only observed

for the VUV region (ie <200nm, as opposed to conventional, or CUV,
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irradiation, which occurs at >200nm), Ward and W:i.shnok8b proposed that
initial excitation to high electronically excited states (eg S3) was
followed by intersystem crossing to a vibrationally excited ground
state (Sov), from which the photoproducts are thought to occur. A
similar scheme was proposed by Till for the surface
photopolymerization of perfluorobenzene.9

Organometallic and inorganic compounds can also give ultraviolet
enhanced deposition; for example trimethyl aluminium deposits
aluminium in the VUV at room t:emperature;13 iron carbonyl (Fe(CO)S)
similarly gives rise to films of both iron and carbon on irradiation
using a laser,14 whilst tungsten hexafluoricie15 and diethyl zinc16
also give rise to meﬁallic films. All these systems deposit in a
manner similar to plasma induced chemical vapour deposition.

Although "non-conventional™ monomers in the thermal
polymerization sense can give rise to surface photopolymers (eg
benzene above), this occurs because the "monomer"™ concerned has both
suitable chromophore able to absorb UV/VUV radiation, and also a
reaction pathway via excited state gas phase chemistry that leads to
photodepositing / polymerizing species. This assumes that the
incident radiation is below the ionisation energy threshold of the
compound being irradiated. The latter is important, since many
compounds possessing chromophores do not give rise to film deposition;
rather they undergo isomerization and/or decomposition or even
cycloaddition reactions. Deposition usually occurs from the gas-phase
onto a suitable substrate, such as aluminium foil, that is in contact
with the monomer vapour. Kunz et all'7 deposited a patterned film on

the substrate by placing a mask between the UV source and the
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deposition system. However this work shows that such patterning does
not always occur; nor do surface photopolymers have to be essentially
the same in character as those produced by conventional means.
Indeed, although that for methyl methacrylate is similar,10 those
obtained for the unconventional "monomers" benzene and
perfluorobenzene (which do not have ordinary homopolymers) more
closely resemble their respective plasma polymers,9 such that the
lattér were proposed to occur via excited state chemistry rather than
the radical cation mechanism as proposed by Clark and Shuttleworth for
the plasma polymerization of the difluoroethylenesle. Munro and Till
also proposed that surface photopolymerization could be used as a
simplified model for plasma polymerization.

An intermediate case was found for N-vinyl pyrrolidone (NVP), for
which the surface photopolymer, when produced at a low power to flow
rate ratio (W/F) was similar to the conventional polymer, that
produced at high W/F being considerably different. 10 The
polymerization process was also suggested to be flow rate dependent,
being two-photon and one-photon respectively for low and high F. The
related compounds N-methyl and N-ethyl pyrrolidone were found not to
give rise to surface phot:opolymers,10 suggesting that it is the vinyl
functionality that is important in this case rather than that of the
C=0 chromophore. On the basis of this information and that of 'I‘ill,9
the plasma polymerization of NVP was proposed to occur via an excited
state mechanism, with the role of the vinyl group in particular being
important at low W/F.

Finally, the similarity between the thin films deposited for some

monomers by both plasma and photochemical techniques suggests that the



165

applications should be much the same in many cases. Accordingly,
surface photopolymers have been considered for use in capacitors,12
o . . 17 . .
positive and negative resists and (using organometallics)
photoinitiated deposition and etching of materials relevant to
semiconductor devices.20 Potential uses outside the electronics world
include as a method for deposition of a film exhibiting anti-blood

. . 21
clotting behaviour.

5.2 Experimental Techniques

5.2.1 Light Sources

Many light sources are used in photochemistry; the most commonly
found for UV work is the resonance arc lamp, in which a low pressure
gas or vapour is excited in an electric discharge producing visible
and ultraviolet light, which is emitted as a series of resonance lines
of particular wavelengths. For the medium pressure mercury arc lamp -
the most common source for CUV (ie >200nm) radiation - the most
intense emission line occurs at 254nm and dominates the spectrum, the
remaining emissions arising at 297nm and 365nm, as well as in the
visible and infra-red regions. A full account of light sources, and
experimental methods in photochemistry in general, can be found in
reference 22, chapter 7. The region below 200nm is known as the
vacuum ultraviolet (VUV); the 185nm mercury emission occurs in this
region, and so (low pressure) mercury arc lamps are useful here as
well. However, VUV irradiation in this work was carried out using the
relevant emissions from plasmas excited in nitrogen. That such

plasmas are a source of VUV was noted by Clark and Dilks.23
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Gas Principal Enerqgy Gas Principal Energy
Emission Emission
nm ev nm ev
Mercury 185 6.7 Krypton 124 10.0
Nitrogen 174 7.1 116 10.7
149 8.3 Hydrogen 121 10.3
Xenon 147 8.4 Argon 105 11.7
‘Chlorine 139 8.9 Neon 74 16.8
Oxygen 130 9.6 Helium 58 21.4
-19

NB: 1 eV =1.6 x 10 J
TABLE 5.1 Resonance Line Sources for Photochemical Work

in the Vacuum Ultraviolet (VUV) Region

NOTE: lLamps using the gases in Table 5.1 as VUV sources generally use
pressures of about 1 torr, since at higher pressures (eg 200 torr) the
resonance lines broaden into a continuum. Although useful as 1light
sources over larger wavelength ranges (a few tens of nm) the intensity
at any particular wavelength is much reduced compared to that obtained

at low pressure,

Gas Useful Range (A°) Optimum Pressure (torr)
Helium 580-1100 40-55

Neon 740-1000 >60

Argon 1050-1550 150-250

Krypton 1250-1800 >200

Xenon 1480-2000 >200

. 24
TABLE 5.2 Rare Gas Continua
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5.2.2 Lasers

Lasers have also found increasing use in photochemistry over the
past twenty years or so. Initially, these were restricted to the
far-visible and near-infrared - as recently as 1966 no lasers were
available commercially for most of the visible and ultraviolet ranges;
indeed, the 1latter were still an area of research rather than
production.22 Since then a variety of lasers have been produced and
used " in both the CUV (eg Argon ion laser at 257.2 nm,z6 Krypton
fluoride at 248 nm27) and VUV (eg ArF excimer laser at 193 nm), as
well as multi-photon absorption infra-red 1aser328, the latter causing
molecules to absorb many photons of (infra-red) light which gives them
energies comparable to those obtainable using UV irradiation. The
majority of work using lasers to probe gas phase photochemistry has
not been aimed at the deposition of organic thin films, although the
photodeposition of metals is fairly common.29 However, an argon ion
laser of 257.2 nm was used by Tsao and Erlich26 to form a surface

photopolymer of methyl methacrylate, and reviews of recent advances in

UV laser photochemical vapour deposition have been presented,3oa'b
whilst Solanki has looked at possible applications in
microelectronics. Tsao and Ehrlich in  particular ~contrasted

techniques relying on gas-phase and surface-phase photochemistry,
suggesting that surface photochemistry promoted nucleation prior to
subsequent growth by pyrolitic chemical vapour depositionzs. Other
workers have seen polymer as a by-product. For example, Irion and
Kompa32 observed a polymer during their study of acetylene using an
argon fluoride laser at 193 nm, in addition to the reaction products

ethylene and hydrogen atoms. Their evidence pointed to a pure
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excited-molecule mechanism based on CZHZ* (1Au). Becker and Hong also
saw a polymer for the VUV irradiation of acetylene,33 together with
diacetylene, ethylene, benzene, vinylacetylene and phenylacetylene.
Interestingly, they also observed a brown polymeric deposit for VUV
irradiation of hydrogen cyanide gas, together with (CN)2, methane,
ammonia and CH3NH2. Other photochemical studies in this area have
shown that, at high laser intensity, photolysis of c¢yano- and
dicyanocacetylene themselves give rise to excited state fragments,
together with CN° in the ground state, a two photon process occurring
with C3N occurring as an intermediate that undergoes secondary
photolysis.34

It has already been noted that infra-red multi-photon lasers
exist (IRMPD), leading to dissociation (IRMPD) of compounds with
similar energies to those directly irradiated by (non-laser) sources
in the UV region. Multi-photon absorption can also occur for UV/VUV
lasers; for example, molecular chlorine and hydrogen chloride are
eliminated from chlorinated methanes on irradiation at 193 nm with an
ArF laser via a two photon process - absorption of the first photon

giving intermediates prior to Cl, / HCl generation on absorption of

2

the second;35 irradiation with a KrF laser (248 nm) can also give
rise to excited state molecular chlorine together with -HC1 in a
vibrationally hot ground state.35 Similarly, acrylonitrile irradiated
at 193 nm can give rise to the following primary dissociations36

C,H.CN + hv ---> C_H_,  + CN’ (3)

23 273

C2H3CN + hv —--> CZH2 + HCN (4)

together with the secondary products of these primary fragments.
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Laser flash photolysis (in which the system under study is
subjected to a high intensity flash of short duration, typically of

3 to 10_105) has been extensively used to determine the

the order 10
lifetimes of those compounds which do not emit fluorescence or
phosphorescence, and so cannot be determined by methods dependent on
the measurement of emitted radiation37. The technique has also beéen
used to investigate the nature of photolysis; hence Mori and
coworkers have used ArF laser flash photolysis to observe the
formation and collisional relaxation of hot molecules in
hexafluorobenzene,38 whilst Shimo et al investigated the flash
photolysis of l-alkenes in the gas phase to monitor the effect of size

on the formation yield of (vibrationally hot) allyl radical.39

5.2.2 Window Material

Suitable window materials for work in the conventional and vacuum
. . . 2 . ,
ultraviolet are given in Table 5.3 5. Spectrosil B windows were used
in the CUV, and calcium fluoride in the VUV regions. Magnesium
fluoride (cut-off ca. 120 nm) was also considered, but CaF2 preferred
to ensure that all irradiation was carried out below the ionisation
threshold (most organic molecules have ionisation energies in the
. , 10 . . .
region of about 10 ev, ie 120nm) . Since transmission

characteristics are generally poor for about 10-20 nm above the

cut-off point, 100% transmission probably only occurred above 140 nm.
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Material Cut Off Wavelength
nm

Pyrex 290

Quartz 180

Fused Silica* 160

Calcium Fluoride 122

Magnesium Fluoride 115

Lithium Fluoride 105

*
Known commercially as Suprasil or Spectrosil B

TABLE 5.3 Window Materials for Photochemical Work10

5.3 Potential Monomers

Chapters 2 and 3 outlined the plasma polymerization of fluorine
and nitrile containing compounds whilst reference has been made above
to similarities observed for films deposited by plasma and surface
photochemical techniques for perfluobenzene9 and NVPlo. Chloroacrylo-
nitrile has been shown to give a surface photopolymer by Hiraoka and
Lee69a. It was therefore chosen here together with trifluoroethylene
as potential compounds for surface photopolymerization in the CUV and
VUV regions due to the presence of ethylenic unsaturation and carbon
- halogen chromophore. Methacrylonitrile was chosen as a contrast
since the C-Cl chromophore in this monomer is replaced by a methyl
group. The effect of power (in the form of photon flux), flow rate

and wavelength on the chemical composition of the resultant films was

investigated as revealed by ESCA to see if there was any similarity to
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the results for plasma polymerization. If so, it was felt that a
knowledge of the excited state photochemistry involved might give an

insight into the excited state chemistry occurring in the plasma.

5.4 Experimental
Initial polymerization experiments were carried out in the same reactor

chamber as that described in chapter 2, except that a calcium fluoride
window was inserted into the system to separate it into a two halves,
Figure 5.1. Each side was pumped by an Edwards ED2M2 213--1 pump, a
typical base pressure of 0.02mb being achieved. VUV irradiation was
carried out by initiating an Argon (later Nitrogen) plasma at 0.4mb on
the right hand side of the window, the monomer vapour of interest
entering the left where deposition was to occur on aluminium foil as
substrate. The 50W plasma was sustained for a controlled time period
(1-12 hours) wusing a Tegal Corporation 13.56 Mz RF generator with
matching LC network. Analysis was carried out on the Kratos ES300
spectrometer in the usual manner (see chapter 3). Irradiation in the
CUV was achieved by replacing the plasma chamber with an Oriel
Scientific 200W medium pressure Hg/Xe arc lamp. This set-up was prone
to high leak rates compared to the monomer flow rate, leadifig to high
oxygen uptake, and so was refined to a one inch diameter system as
shown in Figure 5.3, which also enabled the CaF‘2 window to be scaled
down in size (to 30mm x 5mm instead of 50mm x 5mm). The window was
cleaned after each experiment using a 100W oxygen plasma and its UV

spectrum taken to check that all polymer had been removed.
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5.5 Trifluoroethylene and Related Compounds

5.5.1 Results

The first monomer studied was trifluoroethylene, irradiated in
the VUV using an argon plasma. An initial deposition period of four
hours on a gold substrate gave only a Cls spectrum typical of
hydrocarbon contamination, Figure 5.4a. Raising the deposition time
to 12 hours showed possible evidence for peaks at higher binding
energies than the 285.0 eV hydrocarbon peak. Using the Kratos Data
Analysis Package, the typical Cls envelope was subtracted from the
actual spectrum obtained to give that shown in Figure 5.4b. Although
qualitative rather than quantitative, the shifts of the peaks detected
correspond to the following carbon-fluorine environments - CH (and
carbon not directly bonded to fluorine), C-CF, g—CFn, C-F, QFZ and
§F3, and so the presence of a surface photopolymer was inferred.
Since QF3 groups and carbon atoms not directly bonded to a fluorine
atom were present in the surface photopolymer but not the monomer,
polymerization cannot have taken place via either a free radical chain
or step growth mechanism. Comparison with the Cls envelopes obtained
in chapter 2 indicates that the chemical composition of the surface
photopolymer is akin to the plasma polymer. Substrate overlayer
calculations indicated the film thickness at about 10A°. Replacing
the gold substrate with aluminium foil was found to increase this
thickness to about 25A° over a similar time period. Thus the
deposition time for surface photopolymerization in this instance is

negligible compared to that for plasma polymerization.
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290 285
BE (eV)

FIGURE 5.4a Trifluoroethylene "Failed" Photopolymer - Cls

FIGURE 5.4b Trifluoroethylene Photopolymer - Cls Envelope
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5.5.2 Discussion
. . . 44
The main gas phase primary processes for ethylene itself are

CH2=CH2 + hv —--=> CHZC + H2 (A)

--> HC=CH

-—=> CH2C + H+ H (B)

-—=> HC=CH + H (C)

2
--=> HC=CH + H + H (D)
-——> CHZCH + H (E)
The main singlet-singlet transition in the ethylene absorption
spectrum was found by Merer and Mulliken to occur at 162 nm43 with
molar extinction coefficient ca. 10,00045 and corresponds to the
fi* <-- 91 transition. It is proceeded by a very long progression
whose origin is probably as low as 265 nm, this emission constituting
a strong indication of the perpendicular structure of the if* state.
Partly superimposed on this band is the first member of a Rydberg
series (nR<--N) which converges to the first ionisation potential at

10.51 eV.43 The UV absorption spectrum of trifluoroethylene46 shows a

maximum TT* <-- 1Y band at 160 nm. A broad Rydberg band was observed
at about 190 nm assigned to 3R (molar extinction coefficient ca. 2000)
which was not found to be present on examining the spectrum of its
thin solid film. Since the Ti* <--- Ti band was essentially
unaffected, the excited state was concluded to be Rydberg in
character.47

At first sight, the similarity in the Cls envelopes between that
found for the small amount of surface photopolymer obtained and those

for the corresponding plasma polymers suggests that the chemical

composition of the two types of films are the same, such that the film
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deposiéion processes occurring in the two systems might also be
similar. However, although sufficient VUV radiation is absorbed47 to
give rise to photolysis, 1little surface photopolymerization occurs.
It therefore might also be reasonable to assume that the primary
photochemical processes occurring for trifluoroethylene are not those
primaril& responsible for deposition in the analogous plasma
polymerization process, otherwise a much faster deposition rate would
have ‘been observed.

The actual mechanism of trifluoroethylene photodecay may shed
light on this problem. It is likely to be similar to that of
fluorcethylene (FE) and 1,1-difluoroethylene (1,1DFE - see Figure 5.5)

and so involve direct 1,2 HF eliminat:ion,‘w—50 together with -

51,52

elimination from the =CHF functionality. Simultaneous H + F

ejection can also occur from FE via 147 nm steady-state photolysis,
48

and methane, CH,. 1,1DFE

products including HCCF, CH,CH CH_CH 4

2772 3773
was concluded to eject H atoms via the parent triplet states when
exposed to short-wavelength VUV radiation.49 Similarly, Sirkin and
Pim.entel53 used flash photolysis to confirm that, above 155 nm, direct
molecular elimination of HF occurs from both compounds. Primary
branching ratios for the decay of photoexcited FE were measured:
molecular elimination of HF, 0.82; F atom ejection, 0.13; HH
molecular or diatom elimination, 0.05 (single H atom ejection was not
measured) . Pressure dependent studies also indicated that the
difluoroethyl radical (formed by F atom ejection) reacted with another

molecule of FE to give DFE via a CZH intermediate.

2F3
No report was made of photopolymer or thin film deposition in any

of the above. However, this does not mean that it does not occur, as
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Bv analogy with the known photochemistry of vinylidene fluoride,
the decay of 1,1-difluoroethylene can be expected to follow the
sequence 3

CH,CF,* — HF' + HCCF

CH,CF,* — F + CH,CF!

F + CH,CF, — [C,H,F,]!

(C:H,F,]' — CHFCF, + H

[C.H,F3)" + He — [C,H,F;] + He
[C,H,F;] + CH,CF, — CH,FCF,CH,CF,, etc.
CH.CF' + CH,CF, — CH,CHF + CF,CH
[C,H,F,]" — trans-CHFCHF (cis-CHFCHF) + F

CH,CF,* — trans-CHFCHF (cis-CHFCHF).

FIGURE 5.5 The Vacuum UV Fhotochemistry of 1,1-Difluorocethylene.
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reported here, but rather that the deposition rates might once again
be extremely 1low. Assuming a free radical chain or step growth
mechanism, this could be explained by the abundance of potential
terminating steps compared to those for initiation and propagation, so
that the chance of propagation - and hence overall polymerization -
are small. This may possibly increase with time such that a
conventional free radical mechanism could occur; however, this would
still not account for the formation of CF3 groups as seen in the ESCA
spectrum. A second possibility is that production of polymerizing (ie
depositing) species occurs via secondary photolysis of the primary
products. This was suggested by Haller and S::inivasan60 to occur for
the surface photopolymerization of 1,3-butadiene, on the basis that an
induction period was seen ~ the polymer deposition rate observed was
five times greater when the photolytic products were allowed to build
up in the reaction cell for 20 minutes as opposed to 5. Formation of
polymer was also found to depend on the square of the number of
absorbed photons. In the case of trifluorocethylene a dynamic system
was used, such that any primary products not depositing on the
substrate or the walls of the reactor would have been pumped out of
the photolytic chamber and into the cold trap before~ secondary
photolysis products were able to build up in any dquantity. The
possibility that surface photopolymerization in this case occurs via
deposition of secondary photolysis products therefore cannot be
discounted, such that the species responsible for deposition occurring
in surface photopolymerization and plasma polymerization may still be
the same. Further evidence for the possible role of secondary

photolysis is that acetylene, found to be a major primary product for
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FE and 1,1-DFE photolysis, has been shown to éive a photopolymer both

in the VUV (193 nm)32'33

and CUV (235 nm), the latter using mercury
sensitisation,61 whilst phenyl acetylene has also been shown to give
rise to a surface photopolymer resembling the homopolymer produced by
more conventional methods.62

In contrast to trifluoroethylene, vapour phase polymerization of
tetrafluoroethylene (TFE) has been observed by a number of workers.
Atkinson (1949)54 noted that, on illuminating TFE vapour at 253.6 nm
in the presence of mercury as sensitiser, hexafluorocyclopropane (main
product) and a polymer identified as (CF2)n were formed, the latter
proposed to occur via a radical mechanism. Polymerization has also
been photochemically initiated in the gas phase under a variety of
other conditions,55 including the presence of second a element or

compound (eg mercury,s4 mercury bro_mide,56 N O57 and oxygensa). Many

2
55,57 such that

of these polymers appeared as white powders or flocs,
the first example of photopolymerization of TFE occurring on an
irradiated substrate recorded by Wright in 19677, direct photolysis
being carried out at a pressure of 3 torr. However, Wright also noted
the presence of CF3 groups in the infra-red spectrum of the
photopolymer. The importance of this is two fold. Firstly it
supports the appearance noted above wusing ESCA for the surface
photopolymer of trifluoroethylene; secondly it suggests that the
surface photopolymerization mechanism for TFE is also analogous to
that for its plasma polymerization, since the latter is also known to

give rise to CF_, groups. More recently Koda59 used irradiation by Xe

3

(147 nm) and Kr (116,124 nm) resonance lamps to produce

.. 1 1
, in the A, and B, states:

difluoromethylene radicals, CF2 1 1
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Czl?‘4 + hv ---> CF2( Al) + CF2( Bl)
Although the photodepositions noted by Wright7'55 occurred above 200
nm, it may be that difluorocarbenes are also of importance in TFE
surface photopolymerization in the VUV, enabling crosslinking of the
film to occur, as suggested by Yasuda for plasma polymerization.62 It
is also worth noting that an increase in the pressure of the monomer
under irradiation can also affect the deposition process, since, in a
subsequent experiment at 10-760 torr Wright deposited a white powder,
or flocss, which coated all internal surfaces of the reactor as well
as the substrate and was found to have a slightly different chemical

composition to that of the "true" surface photopolymer previously

7
reported.

5.5.3 Summary
Trifluoro- and tetrafluoroethylene both give rise to surface
photopolymers under UV irradiation, albeit with differing film

deposition rates. Both photopolymers contain CF. groups which are not

3
present in the monomer, indicating that a simple chain or step growth
radical mechanism cannot be invoked, whilst the Cls XPS spectrum for
trifluoroethylene 1is remarkably similar to those obtained for the
corresponding plasma polymer, showing that the depositing species are
likely to be similar in both cases. The main difference between the
two polymerization techniques for trifluorocethylene 1is also the
observed film deposition rate, which 1is negligible for surface
photopolymerization in comparison to that in the plasma. However, a

possible explanation for this is a surface photopolymerization

mechanism involving secondary photolysis of the primary products, the
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latter being‘ pumped out of the photolysis chamber under the dynamic
flow conditions used before sufficient depositing species can be
formed to give an observable film deposition rate. The possibility
also exists that polymerization is mainly initiated and propagated on
the surface of the substrate (and walls of the reactor), rather than
in the gas phase. However, this would involve adsorped species such
that photopolymerization due to secondary photolysis on the substrate
surface would be largely independent of the flow dynamics of the
system, the opposite of the effect found for 1,3—butadiene60. The
nature of the substrate in the surface photopolymerization of
trifluoroethylene is borne out by the higher deposition rate observed
when using aluminium foil as opposed to gold, the difference being
attributed to varying sticking coefficients for the depositing species

on the two surfaces involved.

5.6 Chloroacrvlonitrile
5.6.1 Results

Chloroacrylonitrile surface photopolymerization was investigated
as a function of Yasuda’s parameters62 W - in the form of photon flux
- and F, the monomer flow rate in the photolysis cell, and incident
wavelength. The experimental apparatus initially used was that shown
in Figure 5.1. VUV irradiation was carried out using an argon plasma
together with a calcium fluoride window. The Oriel Scientific medium
pressure arc lamp together with quartz window was used as a source of
CUV radiation. Photopolymer was found to deposit much more readily in
the VUV than for trifluoroethylene, full coverage of the aluminium

. o
substrate being observed after about four hours (compared to a 25A
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film after 12 hours for trifluoroethylene). BARnalysis by ESCA gave the
typical core levels shown in Figure 5.6, which show remarkable
similarity to those obtained for the corresponding plasma polymer in
chapter 3. This was found to be quantitative as well as qualitative,
Table 5.5. The results are for different flow rates in two different
systems, but show that the chemical composition of the £films obtained
by both plasma and photochemical techniques are essentially the same

for both the in coil and tail regions, Table 5.6.

(a)

205 200
BE(eV)

L01 399 537 535
BE (eV) BE (eV)

FIGURE 5.6 Typical Cls, Cl2p, Nls and Ols Core Level Spectra for a

Chloroacrylonitrile Vacuum UV Photopolymer.



VUV Surface Photopolymers of Chloroacrylonitrile

!
Elemental Ratio Cls (% of total envelope area)

VUV Photopolymer - F=0.54cm3sTPmin-1
Cl N 0 285.0 286.6 287.7 289.22
11 19 7 49 32 15 4
. . 3 . -1
Plasma Polymer (tail region) - F=10,3cm gpp™in
10 22 8 49 34 15 2

'NOTES : 1. No. per 100 C atoms. 2. Binding Energies in eV.

TABLE 5.5 VUV Photopolymer versus Plasma Polymer

Type Power F/cm3

STP

/W min Position Cl1 N (o]
vuv - 0.13 Next to Window 27 26 7
PP 7 10.3 In coil 31 26 8
PP 8 5.2 won 31 25 8
vuv - 0.22 Next to Window 19 21 5
PP 62 10.3 In coil 19 24 11
PP 8 2.9 " 18 21 11
vuv - 0.03 Next to Window 32 23 5
PP 7 10.33 In coil 31 26 5
vuv - 0.54 Next to Window 11 19 7
PP 7 10.3 Out of Coil 9 22 8
vuv 8 0.18 Next to Window 18 21 -
PP 8 2.9 In coil 18 21 11

TABLE 5.6 Comparison of Elemental Ratios vs Substrate Position

Substrate Elemental Ratio (No/100 C atoms)

183
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If the analogy between photopolymerization and plasma
polymerization is to hold, the former should also depend on the
monomer flow rate and power. However, the apparatus previously used
did not always give complete coverage of the substrate within a
reasonable time scale (two hours); therefore the refined apparatus in
Figure 5.3 was developed. When used with a nitrogen plasma as the VUV
irradiation source, incomplete deposition was only seen for the lowest
flow "rate used (0.01 cm3STPmin—1). The aluminium foil substrates in
this second reactor were laid at 90o to the calcium fluoride window,
such that direct irradiation of the substrate did not occur. This was
different from the previous apparatus, in which the full surface area
of the substrate faced the window and irradiation of the surface such
that irradiation of the surface occurred. A second substrate was

therefore inserted into the photolysis cell in the analogous position,

parallel to the window but 90o to the first substrate. The results,

SUBSTRATE FLOW RATE ELEMENTAL RATIO Cls Envelope Nls

POSITION cm:‘}min_1 Cl N O 285.0 286.6 287.7 289.0 399.3 400.8
Horizontal 0.25 13 16 7 60 27 11 2 not fitted
Vertical 0.25 8 15 6 65 26 7 2 94 - 6
Horizontal 0.1 16 15 7 52 217 16 5 86 14
Vertical 0.1 13 17 7 54 32 12 2 89 i1
Horizontal V.P 34 26 3 29 47 21 3 90 10
Vertical vV.P 32 24 1 31 43 23 1 95 5

NOTE: V.P - monomer used at vapour pressure, flow rate not determined.

TABLE 5.7 Chloroacrylonitrile VUV Photopolymer - Substrate Orientation
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Table 5.7, show that the film deposited in the two positions is
essentially the same. This also indicated that film deposition does
not rely on the surface of the sample being irradiated in order for
film deposition to occur, ie that in situ photopolymerization of
adsorped monomer on the surface (whether the initial substrate or
growing polymer film) does not play an important part in the overall
surface photopolymerization process. In order to test this a third
substrate was placed in the photolysis chamber immediately behind the
second so that it, too, was parallel to the window, but completely
shielded from irradiation. Photodeposition was carried out for the
usual irradiation time and all three substrates analysed by ESCA. The
reverse side of the horizontal substrate was also analysed, since it,
too, was completely masked from the window. Complete substrate
coverage, as expected, was found for the original two substrate
positions. However, deposition was also found to have occurred in the
two masked positions, Table 5.8, with wvarying thickness. The
reverse side of the horizontal substrate was found by an overlayer
calculation to be about 23Ao thick, whilst that for the masked

vertical position was only about 102° thick.

SUBSTRATE FLOW RATE ELEMENTAL RATIO Cls Envelope Nls

POSITION cm3min_1 Cl N O 285.0 286.6 287.7 289.0 399.3 400.8
Horizontal 0.43 9 15 5 57 34 9 2 44 56
Horizontal* 0.43 7 12 - not fitted not fitted
Vertical* 0.43 7 17 - not fitted not fitted

* - masked substrate position

TABLE 5.8 Effect of Masking
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Thus surface photopolymerization does occur when the substrate
surface is not directly illuminated, but the deposition rate is
markedly reduced in comparison to those substrates which are not
masked. This means that formation of polymer in the gas phase does
occur, but photon activated reactions are also occurring on the
surface of the substrate. Further evidence that this must be the case
is that, even in those instances when incomplete film deposition
occurred on the substrate, film was observed to occur on the calcium
fluoride window itself. An alternative explanation - that all
depositing sSpecies are produced in the gas phase but are not
long-lived enough to diffuse from the irradiated volume of the reactor
to the masked substrate surface - can be discounted, since chapter 6
shows that the lifetime of the depositing species involved is of the
order of 0.1s.

Once the orientation (horizontal or vertical) of the substrate
was shown to have no observable effect on the chemical composition of
the film formed, the latter was then studied as a function of flow
rate. Figure 5.7 shows the elemental composition of films deposited
in the VUV as determined by ESCA; Figure 5.8 shows the corresponding
Cls envelopes. The chlorine and nitrogen contents of the film both
rise with increasing flow rate. That for chlorine in particular rises

3 -1

from almost zero at 0.03cm STPmin to a Cl:C ratio of about 1:5 at
3 -1

0.52cm STPmin , rising to 1:3 at monomer vapour pressure, whilst the
N:C ratio, again initially very small at 1:26, also rises in a similar
manner, the ratio at vapour pressure being about 1:4. Thus, at vapour

pressure, the C:Cl:N elemental composition is about 12:4:3, or almost

the 4:1:1 ratio expected for a conventional radical chain or step
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Chioroacryionitrnile Photopolymer
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growth mechanism. However, this mechanism cannot account for the much
lower ratios of both heteroatoms seen at the remaining flow rates,
-1

which, at best, gives a C:Cl:N ratio of 5.3:1.4:1 at 0.67cm3STPmin

The nitrogen : chlorine ratio is also initially greater than unity at

low flow rate, changing over above 0.5cm3STPmin_1, after which the
situation is reversed. The oxygen content of the film is low
throughéut, although higher at low flow rate, in line with the results
obtained for plasma polymerization (chapter 3).

The Cls envelope also reveals trends. The 285.0 eV peak
initially accounts for over 80% of all carbon environments at low flow
rate, reflecting the low chlorine and nitrogen to carbon
stoichiometries obtained, before rapidly dropping to about 60% on
initial flow rate increase. A plateau then occurs before a further
steady decrease with rising flow rate. The peak is still visible in
the film formed at monomer vapour pressure, so that there are carbon
atoms in the photopolymer not directly bonded to a heteroatom or
adjacent to a carbon atom which is. This again rules out a simple
radical photopolymerization method, since the the peaks obtained for
the model compound, polychloroacrylonitrile, were centred at 286.6 eV

(due to CNC1l and to CH,-CCICN) and 288.0 eV (due to C-CCICN), all +

2
0.3 ev - see chapter 3. Conversely, the % contribution to the Cls
envelope from the 286.6 eV and 287.7 eV peaks found in the
photopolymer rises with increasing flow rate, that at 286.6 occurring
more rapidly than at 287.7 ev. This again reflects the increasing
ratio of heterocatoms to carbon in the films, An increase in the
number of intact nitrile groups is supported by the change seen
3 -1

between 0.03 and 0.13 cm STPmin for the Nls envelope, in which a
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ratio of 3:1 in favour of C-N and C=N environments as opposed to
nitrile groups (occurring at 399.3 eV and 400.8 eV respectively) at the
lower flow rate is reversed to 5:1 in favour of nitrile groups at the
higher. This ratio continues to increase with flow rate until it
reaches about 9:1 at high flow rate. The 400.8 eV peak is still
visible even at monomer vapour pressure, showing that the nitrile
group plays an active role in the photopolymerization process -
further proof that a simple radical mechanism cannot occur. Finally,
the 289.0 eV peak is low throughout, again reflecting the low 0:C ratio
in the polymer.

The next step was to establish whether or not a wavelength
dependence existed. This was achieved by replacing the nitrogen
plasma as irradiation source with a mercury/xenon medium pressure arc
lamp (254 nm), and substituting a quartz window (cut off 180 nm) for
calcium fluoride. ESCA analysis revealed that a thin film was again
formed over a two-four hour deposition period which gave complete
coverage of the aluminium substrate. A flow rate dependence was again
seen, Figures 5.9 and 5.10, in that the chlorine content did increase
with flow rate, but only from 3 to 9 per 100 carbon atoms in the
polymer. The nitrogen " content stayed fairly steady throughout,
showing no overall trend, as did the oxygen content. The Cls envelope
showed 1little variance with flow rate either, the 285.0 eV peak
contribution remaining at about 47 + 5 %, whilst that at 286.6 eV
likewise remains steady at 45 + 5 %. Decreasing the photon flux by
pulling the UV lamp back from the window by some 8cm also gave
complete substrate coverage with no change in chemical composition or

Cls envelope, suggesting that photon flux has no effect on the nature
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of the film formed. In the Nls envelope the ratio of peaks was about
88:12 in favour of that at 399.3 eV throughout, showing that some
nitrile groups had undergone photolysis.

The most noticeable feature of the results 1is the very low
chlorine content of the CUV photopolymers compared to those obtained
in the VUV, together with a much lower flow rate effect. At first
sight this can be accounted for by the difference in flow rate ranges
studied - 0.03-vapour pressure in the VUV, but only 0.01-0.28

cm3STPmin 1 in the CUV. However, the chemical composition of the
films produced is different on closer examination, since the nitrogen
to chlorine ratio in the VUV is consistently lower than that obtained
in the CUV region, Figure 5.11. This is reflected in the Cls envelope,
for which the 285.0 eV peak in the VUV falls from 80% to 60% of the
total in the VUV, compared to a fairly constant 47% contribution in
the CUV for the same flow rate range. Similarly, the 286.6 eV peak in
the VUV rapidly rises from 11% to 27%, whereas that in the CUV again
remains fairly static at about 45%. Thus the chemical composition of
the surface photopolymers formed in the two regions does differ as a
result of changing the incident wavelength. This in turn suggests

that the photochemistry involved in the two regions is different, and

this is discussed below.
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5.6.2 Discussion

The differences between VUV and CUV surface photopolymers is
likely to be caused by the difference in photochemistries occurring at
the two wavelengths involved. This is therefore examined.

No photochemistry should result from the carbon-chlorine
chromophore in the VUV,since this absorbs at about 244 nm (this was
found by running the UV absorption spectrum using acetonitrile as
solvént), Figure 5.12. The absorption spectrum of acrylonitrile was
found by Mullen and Orloff66 to have three peaks occurring at 210.7
nm, 203 nm and 172.5 nm, corresponding to the transitions ﬁ*<—- n,
Tf*<—-ﬁ and cr*<——o' respectively. The first of these has a molar
extinction coefficient of about 150 and is therefore weak; however,
the remaining two peaks are of medium intensity ( 2000). The
photochemistry of acrylonitrile vapour at 213.9 nm has been observed
by Gandini and Hackett63

CH2=CHCN + hv --> C_H, + HCN (1)

22
CH2=CHCN + hv --> HCCCN + H2 (2)

The evidence here was for 1,2 molecular elimination (route (1) having
the higher quantum yield) together with polymer formation from excited
acrylonitrile or acetylene.63 The production of cyanogen radical has
. . . 64
similarly been observed in IRMPD.

The above does not take account of the effect of the chlorine
substituent on the C=C ii bond in the VUV. However, photodissociation
of chloroethylenes in general is known to yield radicals,63 whilst the
1,2 elimination of HCl from the 3B2 state of vinyl chloride has been

. 7 . Co s
observed to give acetylene.6 Irradiation of chloroacrylonitrile at

174 nm is therefore likely to give rise to the following photoproducts
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*
- mainly via the ¥f <-- TY transition of the C=C bond to give the

3

B1u excited state (see below) which dissociates wvia molecular

elimination to give HCl, HCN, H2 and CICN, together with the
corresponding acetylenes (cyanoacetylene, chloroacetylene and HCCH),
atomic hydrogen and atomic chlorine, whilst absorption at 213.9 nm

will give rise to HCN, H HCCH and cyanoacetylene. Irradiation at

o
254 nm will give rise to scission of the carbon-chlorine bond as the
major photoprocess, since the C-CN bond (bond dissociation energy
133.7 kcal) will not be cleaved at this wavelength.68 Thus it is
possible to account for the very low chlorine and high N:C ratios seen
in the CUV photopolymer, since the main photoproducts formed at 254 nm
will be CHZC'CN radicals, which presumable can undergo chain and/or
step-growth polymerization. However, the mechanism must again be more
complicated than this due to the presence chlorine in the
photopolymer, together with a 1:1 ratio in the Cls ESCA spectrum for
the 285.0 eV peak against that at 286.6 eV (that for polyacrylonitrile

is 2:1) 69a,b

and the presence of the 400.8 eV peak in the Nils
spectrum, indicative of N-C and N=C such that at least some nitrile
groups must react. However, many of the VUV photoproducts are not
easily recognisable polymerizing species 1likely to —cause film
deposition. In section 5.3, it was noted that photopolymers were

obtained from the 193 nm irradiation of acetylene.:‘xz'33

Thus Irion
32 . . .
and Kompa observed a polymer during their study of acetylene using
an argon fluoride laser at 193 nm, in addition to the reaction
products ethylene and hydrogen atoms. Their evidence pointed to a
*
pure excited-molecule mechanism based on CZH2 (lAu) . Becker and Hong

. s 33
also saw a polymer for the VUV irradiation of acetylene, together
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with diacetylene, ethylene, benzene, vinylacetylene and
phenylacetylene. Interestingly, they also observed a brown polymeric
deposit for VUV irradiation of hydrogen cyanide gas, together with
(CN)Z' methane, ammonia, CH3NH2 and (NH)2. Irradiation of a 5:1

mixture of HCN / acetylene showed that 90% of the light was absorbed

by the latter, giving rise only to the products expected for C2H2
alone, together with acrylonitrile. On raising the relative amount of
HCN in the system, the proportion of resultant ethylene was seen to
decrease in favour of cyanoacetylene (CZHCN). The proposed principal
path for formation of diacetylene was via

CZH' + C2H2 -—=> C452
whilst the formation acrylonitrile and cyanoacetylene were proposed to
be, respectively, via (1) and (2)

C2H3' + HCN -=-> CHZCHCN (1)

CN®° + C_H, ---> C_HCN (2)

272 2

Hence it is extremely likely that at least some of the chloroacrylo-
nitrile photopolymer observed in the VUV originates from secondary
photolysis of the acetylenes formed. Photopolymerization of the HCN
eliminated from the monomer could also occur, but this contribution to
film formation seems less likely due to the majority of other, more
conventional, polymerizing species in the system, including acetylene,
fresh monomer, and other radical species.

There is another consideration here. The chemical composition of
the VUV photopolymer changes with an increase in flow rate, which in
turn was achieved by increasing the monomer pressure in the system.

Since the chlorine and nitrogen contents of the VUV photopolymer also

increase with flow rate, this suggests a pressure dependence for the
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depositing species responsible for film formation, since their nature
must change over the flow rate range in order to produce differing
elemental compositions. Thus, since the species are produced by
photolysis (either primary and/or secondary), this indicates a
pressure dependence of this as well. All the above hypotheses can be
accounted for by a deposition mechanism which involves a vibrationally
excited ground state (a singlet excited state would not be affected by
an increase in pressure since its 1lifetime before decomposing,
typically measured in nanoseconds,37 is too short for pressure
quenching effects to occur). This experimental observation fits with
the known literature, since excitation at 174 nm using a nitrogen
plasma emission will excite electrons in the ethylenic C-C bonding
orbital into the antibonding ii* orbital. This in turn relieves
interelectronic repulsion by twisting into a 90° conformation about
the C-C axis. Since the pair of 2pii orbitals become degenerate in
the 90o conformation, the "90o ground state" is a triplet, and the
energy of the 3B level 'falls below that of the "ground" singlet

1u
65

state (lA ). Because of the large change in equilibrium geometry,

1g
highly energised molecules are produced, ie vibrationally excited
ground states, the majority of wﬁich dissociate via = molecular
elimination (both 1,1 and 1,2) and atomic molecule production,
although some cis-trans isomerization probably occurs as for
ethylene.65 Irradiation at 254 nm does not access this vibrationally
excited ground state, but instead gives rise mainly to scission of the
C-Cl bond via dissociation of an electronically excited state

*
(corresponding to o <-- o ), which would explain the lack of flow rate

- and hence pressure - dependence seen in the CUV.
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5.6.3 Summary

Chloroacrylonitrile gives rise to surface photopolymers on
irradiation in both the VUV (174 nm) and CUV (254) regions.
Orientation of the substrate either parallel or perpendicular to the
incident radiation was found not to affect the nature of the polymer
formed. Masking lead to incomplete film coverage such that, although
polymerization must also take place from the gas phase, surface
activated processes are important. The nature of the film appeared to
be independent of photon flux; however, a dependence on radiation
wavelength was found - the chemical composition of the films produced
in the the CUV being essentially different from those deposited in the
VUV. This can be explained in terms of the different photochemistries
involved at the two wavelengths used. The overall photopolymerization
mechanism was determined to involve a vibrationally excited ground
state for the VUV since a dependence of elemental composition of the
film formed on the flow rate - and hence on the pressure - of the
system was found; this observation fits the the model for photolysis
predicted by examination of the photochemical literature, such that
dissociation of the ethylenic 3B1u state is an important step in the
deposition process. The actual depositing species are "likely to
include secondary photolysis products, particularly of acetylene, and
possibly also of HCN. Finally, the apparent lack of any flow rate
dependence for CUV irradiation can be explained in terms of a simple
scission of the C-Cl bond as a result of a o*<—— o transition at 244

nm. This involves a singlet excited state which is therefore

independent of the pressure of the system.
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5.7 Methacrvlonitrile
5.7.1 Results

Methacrylonitrile was found to give surface photopolymers in both
the VUV and CUV regions, typical Cls, Nls and Ols core level spectra
being shown in Figure 5.13. On irradiation for 70 minutes using an
argon plasma as radiation source, the results shown in Table 5.9 were
obtained.

ELEMENTAL
SUBSTRATE TIME P FLOW RT RATIOS Cls Envelope Nls

POSITION /min /mb cmsmin—1 N O Al 285.0 286.6 288.0 399.3 400.8

Horizontal 60 0.15 0.3 14 - Y d=20a° 93 7
Vertical 60 0.15 0.3 15 - Y d=46a° 92 8
Horizontal 60 0.2 1.3 17 - Y d=32a° 92 8
Vertical 60 0.2 1.3 17 - Y d=51a° 94 6
Horizontal 70 0.2 1.3 15 4 - 64 35 1 77t
Horizontal2 70 0.2 1.3 17 5 - 62 37 1

Vertical 70 0.2 1.3 20 6 - 61 37 2

Horizontal 60 0.4 VP3 19 4 - 57 41 2

Vertical 60 0.4 VP> 18 5 - 63 35 2

NOTES: 1. Substrate overlayer calculation used to calculate nitrogen
to carbon ratio if Al2p was signal visible.
2. Run at 70° Take Off Angle (remainder run at 350)
3. The flow rate at monomer vapour pressure could not be
accurately determined.
4. Elemental Ratios are per 100 C atoms.
5. Binding Energies are in eV.

TABLE 5.9 Methacrylonitrile VUV Photopolymer
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290 285 403 401 399
BE (eV) BE (eV)

537 535
BE (eV)

NOTE : Core level spectra for the corresponding conventional UV
photopolymer are very similar to those shown abov?.

FIGURE 5.13 Typical XFS Core Level Spectra of Methacrvylonitrile

Vacuum UV Fhotopolymer — a) Cls; b) Nisy c) Ois.
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The Cls spectra are again similar to those found in chapter 3 for
plasma polymerization, together with its relative peak area ratios, as

are the elemental ratios of nitrogen with respect to carbon.

SUBSTRATE POWER FLOW RT RATIOS Cls Envelope

POSITION in W cm3min_1 N 0 285.0 286.6 288.0 399.3 400.8°
In coil 51 0.4 17 14 62 28 9 68 32
‘Tail 4 0.4 21 13 58 32 9 84 16

TABLE 5.10 Typical Plasma Polymer Film Analysis - CHZCMeCN

This suggests that the species responsible for film deposition in
methacrylonitrile surface photopolymerization must be similar to those
for its plasma polymerization. However, differences exist between the
films, most notably that virtually all the nitrogen content of the
photopolymers exists in the form of nitrile groups, whilst this is not
true for the plasma polymers. The lowest degree of nitrile reaction
in the latter appears to occur in the tail region, such that the
surface photopolymers are more akin to the plasma polymers produced in
this region rather than those produced in the coil region. One
anomalous result was obtained during a preliminary photopolymerization
experiment, for which a peak at lower binding energy (398.0 eV) was
found, indicative of a negatively charged species and corresponding to
the result found for an 11W plasma polymer film deposited in coil.
However, this result was not corroborated by the vertical substrate
film obtained during the same experiment, and so cannot be accounted

for. All the remaining experiments showed that, once again, the
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chemical composition of the films produced were ‘independent of
substrate orientation (perpendicular or parallel) to the window.
This was in contrast to the rate of film deposition as shown by the
film thickness found using substrate overlayer calculations (Table
5.9), which showed both that polymer is deposited more quickly in the
vertical than the horizontal position, and also with an increase in
flow rate, for the same irradiation time. This again shows that,
although deposition must occur from the gas phase (otherwise polymer
would not be seen in the horizontal position), direct irradiation of
the substrate 1is again important, and hence the film is truly a
surface photopolymer.

The f£film deposited in the CUV at monomer vapour pressure by
irradiation at 254 nm for 7 hours was different to that formed in the

VUV, Table 5.11, since both the nitrogen and oxygen content of the

SUBSTRATE RATIOSl Cls Envelope Nls
POSITION N O 285.0 286.6 288.0 399.3 400.8
(cm from window)
1 23 14 44 ' 44 8 92 8
12 19 12 49 46 5 94 6 -
6 23 - 48 48 7 100 0
12 23 - 44 48 9 96 4
18 22 - 45 48 7 94 6

NOTES: 1. No. per 100 C Atoms.
o] . o
2. Run at 70 TOA (remainder at 35)
3., -1 .
3. 1.3cm min used throughout.

TABLE 5.11 Methacrylonitrile CUV Photopolymer
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film were higher than those obtained in the VUV, whilst the 285.0 eV
to 286.6 eV peak ratios were nearer to 1l:1 than the 2:1 ratio
previously found in the VUV. The main similarity was the lack of N=C
and N-C bonds as shown by the Nls envelope, such that effectively all
the nitrile groups in the monomer were left unreacted in the polymer.
There was also a lack of change of chemical composition with distance
of the substrate from the window, indicating the absence of any
photon flux effect in this respect, although the deposition rate was

found to be lower.

5.7.2 Discussion

AR comparison of the above results with chloroacrylonitrile
quickly shows that there are differences between the two photochemical
systems. For example, although a flow rate effect was apparent for
methacrylonitrile in the VUV, this was more apparent in the deposition
rate rather than the chemical composition of the deposited polymer.

A noticeable difference is also seen in the Cls spectra, for which
there is a marked absence of a peak at 287.8 eV, corresponding to
carbon-chlorine environments (in particular C-C1CN), in the
methacrylonitrile spectrum. Insufficient data was obtained "to see if
a flow rate dependence existed for the two main peaks that were seen
(285.0 eV and 286.6 eV), whilst the Nls envelope revealed that 1little
or no nitrile groups reacted in the VUV for methacrylonitrile, whereas
a peak was quite marked at 400.8 eV for the corresponding
chloroacrylonitrile films, indicative of N-C and N=C environments for
the latter. Now, the substitution of a methyl group for chlorine will

give rise to differing photoproducts in the two systems. In
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particular, methacrylonitrile lacks the absorbance at 244 nm observed
in the CUV for chloroacrylonitrile, and hence the exact nature of the
films formed should be expected to be different. Thus, in the CUV,
photochemistry for the methacrylonitrile must rely on scission of the
C-Me and C-H bonds, since the energy input to the monomer at 254 nm is
insufficient to break either the C=C or CN bonds. In contrast,
methacrylonitrile photochemistry can still occur in the VUV due to the
7 Tz- 7 ethylenic transition. The 71" <-- o nitrilic transition
cannot be of any importance here, since no nitrile groups were found
to have reacted. The gas phase dissociation products in the VUV will
therefore be analogous to those obtained for chloroacrylonitrile, ie
HZ’ HCN, HCCCN and HCCH wvia 1,1 and 1,2 molecular elimination
respectively, together with atomic hydrogen and CN. The secondary
photolysis of the acetylenes, and ©possibly HCN, should again
contribute to film deposition, an overall free radical mechanism being
invoked.

The most stable radical formed in the CUV will be H2CC'CN. Loss
of a wvinylic hydrogen atom is wunlikely, since an unstable radical,
"HCCMeCN, results. Using this as the (free radical) initiating step,
a simple radical addition mechanism might seem likely here;” however,
although the C:N ratio obtained, at 4:1, corresponds with that
expected for polymethacrylonitrile homopolymer, the Cls envelope
reveals a 1l:1 ratio for the 285.0 eV to 286.6 eV peak areas, rather
than the 3:1 expected, ie the experimental data suggests that there
are as many C-CN environments in the film as there are carbon atoms
not directly bonded to nitrogen. This also rules out a

polyacrylonitrile structure, (-CH_,-CHCN-), for which a 2:1 ratio

2
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should be seen in the Cls, together with a 3:1 ratio for C:N.69 The
Structure and mechanism are thus more complicated than that occurring

in the homopolymer obtained by a conventional free radical addition

mechanism.

5.7.3 Summary

Methacrylonitrile forms surface photopolymers at both VUV and CUV
wavelengths. Similarities and differences. are found when the
photopolymer and photochemistry is compared to that of
chloroacrylonitrile, but the importance of the substrate surface is
once again shown, whilst a considgration of the ESCA results obtained
also give an insight not only into the chemical composition of the

thin films formed, but the likely photopolymerization as well.

5.8 Chloroacrylonitrile / Iodine

Chloroacrylonitrile was irradiated in the presence of iodine as
a free radical scavenger 1in order to confirm that the surface
photopolymerization mechanism is indeed free radical in nature.
Monomer flow rates in the range 0.1-0.2 CM3STPmin—1 were photolysed at
254 nm and at 185 nm wusing, respectively, Oriel Scientific medium
pressure, and Hanovia Low Pressure, arc 1ampé; Film deposition at 1low
flow rate was completely inhibited at 254 nm for both substrate
orientations in the reactor. However, complete coverage of the
aluminium substrate was observed at high flow rate for the vertical
substrate position, the horizontal position giving rise to incomplete

deposition. The Nls envelope again showed a small peak at 400.8 ev,

indicative of N-C and N=C environments. Polymer formation at 185 nm
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was completely inhibited at low flow rate, whilst complete suppression
of the Al2p signal was seen at high flow rate. The Cls spectra were
not fitted due to the presence of a (small) amount of iodine in the

films, Table 5.12.

REGION FLOW RT ELEMENTAL RATIOS

cm3min 1 C I Ccl N 0 Al

‘UV(254 nm) 0.06 no deposition Y
0.14 incomplete deposition Y
0.2 100 2 19 24 2 -
VUV (185 nm) low1 no deposition’ Y
high® 100 2 26 28 3 -

NOTE : 1. Flow rate could not be accurately determined.

TABLE 5.12 Chloroacrylonitrile / I2 Photopolymers

Note that, for VUV irradiation, the C:Cl:N ratio is high (3.8:1:1) and
very similar to that obtained for a high flow rate in the absence of
iodine vapour. However, the chlorine content of the film deposited in
the CUV 1is twice as great as any previously observed. Thus, whereas

the addition if I_ during irradiation below 200 nm appears simply to

2
inhibit the deposition rate, addition above at 254 nm probably alters
the exact film deposition mechanism as well, since scission of the
carbon-chlorine bond cannot occur to nearly the same extent as in
previous experiments. The low incorporation of iodine in the film

shows that, although inhibition occurs, the polymerization termination

step in the deposited film is unlikely to be of the form:
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R" + 12 --=> RI + I’

otherwise the C:I ratio would have been lower. This may be because
the polymer actually grows on the film surface by combination of
existing radicals with those in the gas phase, propagation occurring
whenever a diradical or a vinylic/acetylenic species is involved:
R + R’: --> R-R’" (1)
R™ + CH,=CHX --> R—cuz—c‘nx (2)
R’ + HCCX --> R-CHC'X (3)
where X = H, Cl, CN

such that the iodine atom is sterically hindered from reacting with
the film surface. This in turn suggests that inhibition of the
surface polymerization process is in fact by reaction of iodine'with
the gas-phase radical species, quenching them before they have a
chance to diffuse to the substrate position and react with radicals on
the growing film surface. This would explain why complete inhibition
is only seen at low flow rate, when the ratio of iodine to monomer
molecules was greatest - since the iodine partial pressure in the
system was limited by its vapour pressure/sublimation rate, the ratio
of iodine to monomer molecules decreases with increasing flow rate,
such that a point is eventually reached at which there there is
physically not enough iodine in the system to quench every free
radical photoproduct, and hence polymerization by migration of these
species to the surface is now able to occur. If the inhibition took
place on the surface itself, then, since the substrate surface area is
constant whatever the flow rate, either more iodine should be

incorporated into the film and/or there should not be such a marked

dependence of the polymerization process on the monomer flow rate.
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5.9 Surface Photopolymerization - a Deposition Model

The preceding sections have discussed the nature of the thin
films formed when various monomers are irradiated with ultraviolet or
vacuum ultraviolet 1light, and have speculated on the nature of the
photochemistry, excited states and depositing species responsible for
polymer formation. The importance of surface activation by photons
has also been noted, whilst the absence of direct irradiation of the
surface was not seen to completely prevent deposition. Drawing
together all the evidence found both by experimental observation and
also in the 1literature, the initiation, propagation and termination

steps can be summarised as follows:

INITIATION

1. Main route - monomer molecules adsorped onto activated substrate
surface undergo primary and secondary photolysis to give HX (via
molecular elimination), HCCX, H, X etc, mainly via a

vibrationally excited 3B u ethylenic ground state in the VUV; to

1

give CHZ-C'CCN + X in the CUV. Acetylenes undergo secondary

photolysis to give sz'
Minor route - active radical photolysis products diffuse to the
substrate where they are adsorped.

X,Y = H, Cl, CN, Me. Both routes lead to active radical sites on the

substrate and photocell surfaces, together with a "soup" of monomer

molecules and assorted photolysis products in the gas phase.
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PROPAGATION

2. Radical polymerization of monomer molecules (CH_CXY) and

2
secondary photolysis products (HCCX, HCN) occurs using existing
radicals on the film surface as initiators. Chain growth will

occur both on the film surface and also with eg dimers, trimers

etc and other diradicals in the gas phase, the latter also giving

rise to crosslinking.

TERMINATION
3. Radical recombination between R’ on the film surface and R’’ in
the gas phase, or else by cross-linking of two polymer chains in

the film surface.

INHIBITION BY HALOGEN VAPQUR

4, Major route - quenching of propagating species in the gas phase
before they can migrate to the substrate.
Minor route - quenching of active radical sites on the growing

film surface (this is sterically hindered).

The above mechanism is relatively simple, and does not pretend to
be complete. However, further evidence that it is correct in outline
can be found in the work of Koizumi et al, who found that vinyl
chloride irradiated at 253.7 nm in the presence of mercury deposited a
white photopolymer on the irradiated surfaces of the photolytic cell.
The rate of reaction was found to depend on the nature of the
substrate used, as well as the pressure of monomer and mercury in the

photolytic cell :
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v = k[CH2=cHCl][Hg]I (1)
where I is the intensity of the absorbed incident 1light, whilst no
polymer formation was visible in the absence of mercury. The mechanism
for deposition was suggested to be as follows :

1) Initiation of the chain takes place in the gaseous phase.

2) Propagation proceeds in the gaseous phase or on the wall of
the photolytic cell.

‘'3) Termination occurs only on the wall of the vessel.

The authors also found that changing the nature of the substrate
in the vessel could alter the speed of reaction, and correctly
concluded that part of the reaction must therefore take place on the
substrate surface. However, it must be the initiation step that is
important here, as shown in this work, since only the speed of
nucleation of the first few monolayers of the film will depend on the
substrate-film interaction; thereafter, collision at the surface will
occur between propagating species and the growing organic film only.
Thus it is incorrect to say that initiation occurs (only) in the
gaseous phase. In addition, the existence of a pressure dependence
for vinyl chloride photopolymerization suggests the existence of a
vibrationally excited ground state in the deposition process, contrary
to the singlet excited state suggested to be involved in scission of
the carbon-chlorine bond in chloroacrylonitrile. However, the latter
occurred in the absence of mercury vapour, and therefore was not a
sensitised reaction. The data of Koizumi et al, which was not £fully
understood at the time (1953), can be rationalised using the results
of Callear and Cvetavonic obtained in 1956. These assumed that two

electronically and vibrationally excited states were involved in the
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overall sensitisation reaction; both were s'ubject to collisional
deactivation, but that only one decomposed via molecular elimination
to give the corresponding acetylenes. Using the method of Calvert and
Pitts then the primary quenching step (1) is triplet energy transfer
from an Hg(3Pl) state to produce a vibrationally excited triplet state

*
CZH3C1 which is deactivated to the ground state or isomerized to

* %
C2H3C1 r probably as vibrationally excited triplet ethylidene (2).

This "in turn undergoes molecular elimination of HCl or H, to give the

2

corresponding acetylenes (4,5), or rearrange followed by deactivation

(6) :

3 * 1

CZH3CI + Hg( Pl) -=> C2H3Cl + Hg( So) (1)
* * % 2
C2H3Cl —-—> 02H3Cl (2)

*
CZHSCl + CZH3C1 -=> 2C2H3Cl (3)
* % _ 1 4
C2H3Cl --> C2H2 + HC (4)
* % 5
C2H3Cl —-—> C2HC1 + H2 (5)

*%
C2H3Cl + CZH3C1 -—> 2C2H3Cl (6)

The above photochemistry is similar to that obtained for continuous
irradiation at ca. 180 nm resulting in ii* <-- ii excitation of C=C,
with the exclusion of atomic hydrogen and chlorine production. The
overall photopolymerization mechanism for vinyl chloride is therefore
mainly analogous to that obtained in this work for
chloroacrylonitrile. The lack of film deposition reported for vinyl
chloride irradiated at 253.7 nm in the absence of mercury can be
attributed to the lack of availability of a suitable surface sensitive
technique, such as ESCA, at the time. 1In contrast, the latter enabled

investigation into the importance of substrate activation in surface

photopolymerization by incident photons which, although not strictly
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necessary for film growth to occur, promotes nucleation of the first
monolayer of polymer, and hence leads to a faster film deposition
rate. The idea of "polymerization" here actually being a series of
radical copolymerizations is also thought to be new at the time of
writing, whilst no mention was found in the literature of inhibition
of surface photopolymerization by iodine.

Finally, the surface polymerization model is also applicable to
plasma polymerization. By analogy, the 1latter involves activation of
the substrate via impact of ions, promoting interaction of the surface
with the first monomer monolayer. Initiation of polymerizing species
is via electron impact excitation to give excited state neutrals,
metastables and ions. These can decay to give primary products, which
can in turn undergo electron impact excitation to give secondary
products. Propagation of the polymer is via (multiple) chain growth
of the film surface by the species produced in the plasma. The exact
nature of these - radicals or ions - will depend on the monomer used
and the power input into the system (the latter since it affects the
kinetic energy available to the free electrons formed in the plasma,
and hence to the amount of energy that can be transferred during
electron impact excitation). That the latter can also give rise to
photopolymerization has been noted by Sieck at al, who observed ionic
polymerization of wvinyl halides in the vapour phase initiated by
photoionisation wusing photons with energies over the ionisation
threshold. Hence surface photopolymerization is truly a model for

plasma polymerization.
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CHAPTER 6

POSITIONAL DEPENDENCE WITHIN A PHOTOCHEMICAL REACTOR
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6.1 Introduction

Chapter S5 showed that, as for plasma polymerization, the chemical
composition of photochemically deposited organic thin films is
influenced by the parameters W, F and M in the form of photon flux,
flow rate and the monomer used, together with the wavelength of
incident radiation. Overall, it was shown that a knowledge of the
photochemistry involved in surface photopolymerization can give an
insight into the possible mechanism of plasma polymerization. However,
since chapters 3 and 4 showed that substrate position within a plasma
reactor influences the film deposited, if plasma and surface photo-
polymerization are truly analogous, then positional dependence should
be observable in the latter as well. In order to test this, the
variation of chemical composition of thin films deposited from metha-
and chloro- acrylonitrile were investigated as a function of distance
from the window of the photolytic cell. The initial results suggested
that such a dependence indeed existed for the system; they further
indicated that the flow of activated species downstream might also
influence the deposition process along the length of the reactor. The
investigation was thus widened to examine this second possibility.
6.2 Experimental

The experimental apparatus used for both VUV and CUV studies was
the same as that described in Chapter Five, except that in later
experiments the monomer inlet position was moved further upstream so
that it was now only about 1lcm away from the window (cf some 6cm

previously).
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Chloro- and methacrylonitrile were degassed by freeze-thaw cycles
prior to use. VUV radiation was supplied using a 50W inductively
coupled plasma excited in 0.4mb of nitrogen; CUV experiments were
carried out with the Oriel Scientific medium pressure Hg/Xe arc lamp.
Monomer pressures used were in the region of 0.1-0.2mb, corresponding to
flow rates of 0.4-0.6 cc(STP)min-1 whilst ESCA analysis was carried out
using either the Kratos ES300 or ES200 spectrometer, together with

their associated data analysis facilities.

6.3 Results and Discussion

I. Positional Dependence

Substrates were placed immediately next to the window, as well as
6, 12, 18 and 24cm downstream. Photon flux decreased down the length of
the reactor due to (a) decrease of 1light intensity with distance
following the 1/r2 law (where r = the distance of the substrate from
the light source); (b) absorption of photons by other monomer molecules
nearer to the window. Accordingly, the film deposition rate decreased
the further away the substrate was from the window. Initial results
for a chloroacrylonitrile 2 hour VUV static photopolymef (Table 6.1)
showed a difference in chemical composition between the window and 6cm
positions, whilst the remaining substrates showed little other than
physical adsorption of monomer. Since substrate overlayer calculations

1
were necessar in the above example .
¥ b€/ the differences cannot

necessarily be attributed to diffusion effects of activated species

from one substrate position to the next.
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Position Atomic Ratios Film Thickness/A
Carbon Chlorine Nitrogen
lcm 100 15 19 44
6 100 6 24 21

12/18/24 Evidence for physical adsorption only

TABLE 6.1 Chloroacrylonitrile - 2 Hour VUV (Static) Photopolymer

Further experiments in the VUV showed that complete film coverage
of the aluminium substrates was not achievable within reasonable
timescales unless these were positioned next to the window. Attention
was therefore turned to the higher deposition rates achievable in the
near UV region (i.e. > 200 nm) using the Hg/Xe arc lamp in a static
monomer system. Raising the deposition time to 18 hours suppressed the
Al2p signal for the two nearest substrate positions (i.e. next to, and
6cm away from, the window). Incomplete film depositions were observed
for the remaining substrates except for that at the 24cm position,
enabling substrate overlayer calculations to be performed to find the
chlorine and nitrogen elemental ratios with respect to carbon. Table
6.2 shows the results for the nearest substrate positions for the
static systems at different lamp discharge powers (and hence photon
fluxes). In two cases the Cl:N ratio is approximately unity for the
substrate position nearest to the window (Table 6.2(ii)), with higher
retention of chlorine and nitrogen by the depositing film occurring

further away.
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FIGURE 6.1 Experimental Apparatus - Deposition Chamber
(NOTE : UV lamp is replaced by a nitrogen plasma chamber
for VUV irradiation)
STATIC UV PHOTOPOLYMER
ATOMIC RATIOS C1s ENVELOPE
PER 100 C ATOMS
DISTANCE FROM
WINDOW CHLORINE | NITROGEN | OXYGEN | 2850 | 2866 | 287.7 | 289.0 THICKNESS/A
160W
1cm f<] 16 2 L] 22 10 >1000
8 27 26 19 20 4 24 ?
12 14 2 2%
18 18 18 -
24 []
195W
1cm F2) 2 1 40 7 ¢ >1000
6 2 24 10 S -1 10 »>1000
12 24 21 67
18 19 17 17
24 2 19 15
25W
1cm 15 10 3 a8 2 7 >1000
8 2 24 15 3 » F ? >1000
12 17 f<]
18 14 [ ] 2
24 - 8 9 =

NB SPECTROSIL 8 WINDOW USED THROUGHOUT
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DISTANCE/cm 1 6 12 18 24
POWER/W 160 0.98 0.95 1.61 0.91 0.87
195 0.98 0.81 0.88 0.89 0.78
225 1.5 1.31 1.29 0.44 1.09

TABLE 6.2(ii) Nitrogen : Chlorine Ratio, Static System

The latter observation could be accounted for by activated species
next to the window diffusing to the 6cm position and influencing the
film deposition. Alternatively, the higher heterocatom retention
further from the window could be a photon flux effect, the attenuation
of intensity over the 6cm substrate separation being greater than that
caused by decreasing the discharge power of the lamp from 190 to 160W.

These static system experiments were consolidated using a flowing
system, the results of which for a typical mid range flow rate are
listed in Table 6.3 and show that the chemical composition of the films
does change with substrate position, complete deposition occurring
throughout. The maximum nitrogen and chlorine content occurred at the
12cm position and corresponded to a minimum and maximum in the Cls
component peaks centred at 285.0 and 286.6 eV respectively, together
with a maximum for that at 287.8 eV (indicative of C1-C-CN). These
maxima and minimim in fact correspond to the substrate position
immediately above the monomer inlet, and suggest either (i) that the
longer the residence time of the monomer molecules in the photolysis
cell, or (ii) the lower the concentration of monomer in the system
{such that the power to monomer flow rate (W/F) is high), then the more
likely the loss of chlorine and/or nitrogen content is during £ilm

deposition.



218

"A® Ul umoys eJe seiBieus Bupuig s1D
— vT- - Q ..... - uq -- —F—
Ae  2'68¢ L'/82 998¢ 098¢

WO / MOPUIA WL} 80Ue)si(]

Ge 0c Sl oL m oo
e S ey S,
o...
Q::I: R O O
,.:,,: [ RO L
W 0c
\m[ .
NN
09
08
001

HIWATOdOLOHd 3OV4HNS FTHLINOTAHIOVOHOTHD

adojeAug s|1D Jo %

adojaAu3 s1.D - 92'9 3HNDIL
waisAs Bujmol4

Se

4 -|..|| I.l
o N 10

WO / MOPUIAA WO} 80UBISI
0c Gt (413 ] 0

T T T T 0

se
swoly D 00l Jed 'oN

sojjey Jdlwoly - 82'9 IYNOIL
wayshs Bumoj4

H3INATOdOLOHd 3OV4HNS FTHLINOTAHOVOHOTHO



219

DISTANCE from Atomic Ratios
Window / cm o Cl. N 0
1 100 10 14 13
6 100 15 18 16
12 100 19 24 7
18 100 8 11 11
24 100 S 5 18

TABLE 6.3 Positional Dependence - Flowing System

The monomer inlet position was moved immediately next to the
window from its position 12cm downstream (Figure 6.3), in order to see
how this influenced the system. 0.13mb of flowing chloroacrylonitrile
was irradiated in the CUV for 4 1/2 hours. The results (Figures 6.4,
6.5) again show a maximum for both chlorine and nitrogen content at the
l2cm position. Complete coverage of the substrate occurred only within
6cm of the window, a result comparable to that obtained in the VUV by a
nitrogen plasma initiated for 10 hours. A comparison of the chemical
composition of the two films formed revealed that the Cl:N ratio in the
VUV case is close to unity, whereas - as before - in the CUV chlorine
is preferentially lost, giving rise to a lower (nearly constdnt) ratio.
Overall, the position of the monomer inlet appears primarily to affect
the deposition rate more than the chemical composition of the deposited
films; however, it is noticeable that there is greater retention of Cl
and N at the window and 6cm positions when the monomer inlet is next to
the window, again reflecting the shorter monomer residence time in the
photolysis cell before surface photopolymerization occurs at these

positions.
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II. Dependence on Direction of Flow

All the experiments noted above utilised fresh monomer entering the
photolytic cell at or near the window, prior to being swept downstream
whilst still being illuminated.

In order to find the downstream limit of influence and deposition
for molecules activated at a particular position in the cell in the
abserice of further irradiation, the monomer flow in the experiment was
reversed such that fresh monomer entered at the far end of the reactor
and was swept towards the window before exiting through 1/2 inch
diameter glass tubing. Since the Hg/Xe lamp proved unreliable when
used over long deposition periods, it was replaced by an alternative
VUV irradiation source, namely a 60W plésma initiated in 0.2mb of
nitrogen irradiating 0.13mb of chloroacrylonitrile (equivalent to 0.42
cm3(STP)min_1) ) for a 36 hour period. The result was a visible brown

polymeric deposit, not only on the CaF, window, but also some 6-10cm

2
down the monomer exit tubing. Since this 1latter was completely
shielded from direct illumination by the chamber above, any deposition
was concluded to be entirely due to species activated by irradiation in
the main chamber which were subsequently pumped straight 6ut of the
reactor before depositing. Since the deposited film in the exit
(glass) tubing was easily visible to the naked eye, it must have been
at least several thousands of Angstroms thick. Taken over a 36 hour
deposition time, this gives a deposition rate in the order of hundreds
of Angstroms per hour, i.e. a faster rate than that seen in any

previous experiments. One possible explanation for such an increased

rate could be that polymer film was formed due to the existence of a
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very weak plasma in the deposition chamber during the experiment,
induced by the presence of the nitrogen plasma in the adjoining
chamber. However, this can be discounted for a number of reasons -
firstly, both the window and the system as a whole were earthed in
order to prevent the rf field extending into the deposition chamber;
and secondly, previous experience of just such a phenomenon occurring
showed that a film thick enough to be seen with the naked eye was
deposited in minutes rather than hours. Regular inspection over the
period of the experiment showed that the film appeared to build up
gradually; the film was therefore concluded to be formed entirely as a
result of the surface photopolymerization process.

Interestingly, deposition only occurred on, and immediately next
to, the window - the 6 to 24cm positions downstream showed 1little
evidence of film formation, suggesting that any back-diffusion of
depositing species that might occur is swamped by the flow rate effect.
This in turn would suggest that deposition observed in these positions
in previous experiments (in which the monomer flow was not reversed) is
likely to be due, at least in part, to such species being swept
downstream from the window region, although the position of the inlet -
as a source of fresh monomér - has been shown to be an important
consideration here.

The fact that film deposition in the reversed flow case occurred
so far down the exit tube suggests that (i) polymer formation here does
not occur as a result of monomer being adsorped onto the wall/substrate
prior to being irradiated, with polymerization subsequently taking
place between molecules already lying on the surface; (ii) the species

actually involved in the surface photopolymerization of
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chloroacrylonitrile are relatively 1long 1lived. This would be in
agreement with the observations in <chapter 5 on the surface
photopolymerization carried out in the presence of iodine vapour, which
suggested that free radicals are 1likely to be responsible - either
wholly or in part - for polymer formation.

Knowing the approximate limit of deposition in the exit tube, we
can make a simplistic estimate of the 1lifetime of the depositing
species involved :

diameter, d, of exit tubing = 1/2 inch= 1.27 cm

cross—-sectional area = (d/2)2 - 1.27cm2

volumetric flow rate employed = 0.42 cm:*)(s,rl?)min—1 The
volumetric flow rate at the pressure used (0.13mb=0.1 torr) is
equivalent to

0.42 x (760/0.1) = 3192 cm> (0.1 torr)min

Dividing by the cross-sectional area gives us an approximate average
linear flow rate of 2513 cm min_1 at 0.1 torr, equivalent to 42 cm s-1
Since film was observed some 6-10 cm along the exit tubing, this
suggests either that some depositing species initially formed live for
at least 0.1 s, or else that, if shorter-lived, they may decompose into
other long lived species which in turn contribute to film formation.

However, the above view of the problem is too simplistic since

a) although the experimental evidence indicates that the flow
of both monomer and depositing species is dominated by the
flow rate of the system, diffusion will also play a part.

b) gas kinetics, including diffusion processes, is quite a
mathematical topic in its own right, requiring a more

sophisticated approach than that above.
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The latter can be found for diffusion in the Einstein-Schmoluski Law,
which governs the time taken, r for a particle to diffuse a given
distance, x, such that
= x2 / 2D

where D is the Diffusion Coefficient of the gas involved (ie here
chloroacrylonitrile vapour and the gas phase depositing and
non-depositing species formed from it). Actual values of D are
proportional to the inverse of the pressure of the system, 1/P, with
typical values at 10 torr being in the range 10-100 cm2 s , as
suggested by Mulcahy.2 Using these upper and lower limits an estimate
of the time taken for particles to diffuse 10 cm from the main chamber
to the limit of visible film deposition in the exit tubing is given by:

UPPER LIMIT - D = 100 cm’s -

Now D=k / P where k is a constant in mb cm2 s_l
=> k = DP
= 100 X 13.3 (10 torr = 13.3 mb)
= 1330 mb cm2 s_1
. 2 -1
therefore, if P = 0.13mb => D = 10230 cm s
2 -3 -
such that = (10) " / (2 X 10230) _ 5 X 10 s
2 -1
LOWER LIMIT - D =10 ocm s
-2
Similarly =5X 10 s
This gives an equivalent linear diffusion velocity of .2 -20m s_l,
showing that diffusion effects cannot be ignored. In addition, the

average time taken for a particle to diffuse to the walls of the exit
tube is given by R2/D, where R is the radius of the cylinder (i.e.

tube) involved.2 This gives a lifetime of
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(1.27/2)2 / 10230 = 4 x 10> s (lower limit)

o / 1023 =4 x 10 ¥ s (upper limit)
compared to respective limits of about 2 x 10_4 to 2 x 10—3 s for the
(1 inch diameter) main chamber.

At first sight, the longer diffusion time calculated for the main
chamber - which has the lower film deposition rate compared to the
smaller exit tube - might suggest that the depositing species in fact
have maximum lifetimes in the order of 10—33, rather than the 0.ls
suggested by the linear flow rate calculation, since the nature of the
species involved should be the same in both cases. If true, this would
not allow deposition to be seen as far down the exit tube as it was in
fact observed. Even if moving at the maximum theoretical diffusion
speed (20 m s_l), any molecules activated in the main chamber directly
contributing to deposition 5 cm down the exit tube would have to live
for at least 10—3 s in order to do so - longer than the maximum
lifetime calculated above. This rules out excited and vibrationally
excited ground states formed during UV irradiation as depositing
species themselves (since their lifetimes are too short to travel the
required distance), but would support the idea already advanced that it
is species subsequently formed from these (eg free radicals and other
photolysis products) which are responsible for polymer formation.

An alternative approach to the problem is to calculate the average
residence time, tc, in the first 10 cm of exit tube of any particle, p,
which is swept through it by the flow action. This is given by the

equation :
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tc =V /v where V = volume of the tube
concerned
v = volumetric flow rate
. 2 2
Now, V = R°'d = 3.14 x (1.27/2) x 10
= 12.7 cm3
3 . =1 3 . -1
v = 0.42 cm (STP)min = 3192 cm (0.13mb)min

=> tc = 12,7/(3192/60) = 0.24 s

This is a long time period compared to photochemical excitation and
decomposition processes, again suggesting that, for polymer formation
to have occurred so far down the exit tube, the depositing species
involved must be long-lived.

However, the above still does not explain the increased deposition
rate seen due to using reverse monomer flow compared to the previous
experiments in which monomer entered next to, and flowed away from, the
window; and those subsequently carried out in section III. This could
possibly be explained in terms of the reduced diffusion times (from gas
phase to wall surface) for the narrower tube involved, and also by a
consideration of the number of molecule-wall conditions predicted by
kinetic theory. 1In particular, if the diameter of a tube is halved -
as happens here - then, for a given number of gas molecules, n, the
volume occupied stays the same whilst the surface area of wall involved
increases by a factor of 2. Since the pressure in the exit tube is
effectively the same as that in the main chamber, we can conclude that
there are twice as many molecule-wall collisions per second in the
narrower tube as there are in the larger since we now have twice the

original surface area for n unchanged. Assuming that the chance of any
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molecule coming into contact with a wall and "sticking" (and hence
leading to surface photopolymerization) is constant, then such an
increase in the frequency of collisions seems likely to increase the
rate of film deposition as well,

Returning to the calculated linear flow velocity, at _ 0.42 m s“1
this velocity is smaller than the calculated rate of diffusion.
However, this contradicts the observed evidence, since the reverse-flow
experiment showed that little deposition occurs upstream from the point
of UV irradiation. This could be explained when one realises that the
true nature of the flow dynamics involved is much more complicated than
either of the two models above allows. For example, the actual linear
velocity of flow in the (cylindrical) apparatus will depend on the
radial distance from the longitudinal axis and the axial distance from

the entrance. Under 1likely conditions the gas(es) will move, as a

whole, by viscous flow, as given by the Poiseuille Formula

u({r) = 2 u (1—-r2 / R2)

where u(r) is the linear velocity at a radial distance, r, from the
axis of the tube; R is the radius of the cylinder itself and u is the
(average) linear flow velocity. This means that the gas near the axis
of the tube flows faster than the gas near the wall, causing a radial
concentration gradient which makes the reactant molecules present
diffuse towards the wall. If diffusion were completely absent, then
the molecules present would move with the bulk of the gas in purely
viscous flow. This radial concentration gradient exists in addition to

the axial concentration gradient which causes the reacting molecules /
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depositing species to diffuse down the exit tube towards the cold trap.
In addition, a mixture of flow dynamics through the tube, and film
deposition removing molecules from the gas phase, will cause a pressure
drop along both the reactor chamber and the exit tube.

The above information can be applied to a flowing surface
photopolymerization system as follows :

a) a static system relies on diffusion alone to carry gas
molecules from the bulk to the wall of the chamber / exit tube.

b) a flowing system helps depositing species formed to
diffuse towards a substrate placed on the bottom of the reactor chamber
more quickly than in a static one, since the radial effect caused in
the former is absent when no flow is present.

c) decreasing the diameter of the tubing used increases the
number of molecule-wall collisions for a given volume of monomer vapour
used, and hence is likely to increase the number of depositing species
reaching the wall and/or substrate.

d) a crude estimate can be made of the lifetimes - and hence
nature - of the species involved in film deposition can be made using a
rudimentary knowledge of the gas kinetics / flow dynamics involved.

These points possibly help éo explain why the deposition rates
observed throughout this work for surface photopolymerization were
consistently higher for flowing than for static conditions; in
addition, they could also explain why the deposition rate in the 1/2
inch tube was much greater, for an equivalent time period, than in the
1 inch diameter main chamber. The linear flow rate calculation in d)
leads to an upper lifetime limit of about 0.1 s, whilst that determined

by a consideration of diffusion alone is in the order of 0.01 s. These
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limits are in agreement, within an order of magnitude, with those
estimated by Ward for the surface photopolymerization of n-vinyl
pyrrolidone (NVP),using a pulsed irradiation method.3 Even if the
actual lifetimes involved are two or three of orders of magnitude
different from these figures, such a long lifetime compared to those of
photochemically activated species such as electronically or
vibrationally excited states suggests that it is not these latter, but
rather their dissociation products, which are in fact responsible for
film deposition, and hence polymer formation. These could include, in
particular, free radicals, in agreement with the iodine inhibition
experiments carried out earlier in this work.

This particular aspect of the photopolymerization process was not
pursued further due to a lack of available time; however, the effect
of various external parameters on deposition rate are examined in

Chapter Seven.

IITI. Two Window Experiments

Surface Photopolymerization for the non-static system has been
shown to be influenced by flow rate, with deposition in the reactor
able to occur some way downstream from the point of illumination. To
probe this idea further, the experimental apparatus shown in Figure 6.6
was developed. This allowed illumination to take place at either or
both of two substrate positions 3cm apart. More importantly, since the
irradiation is carried out at ninety degrees to the direction of flow,
any deposition resulting further downstream cannot be influenced by

continuing irradiation.
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Initial experiments employed CUV radiation at position 1, with vuv
from an argon plasma at position 2. The films formed by separate
irradiations at each position, together with the substrate placed at
position 3 were analysed by ESCA and then compared to the results for
simultaneous irradiation.

The results are shown in Tables 6.4 and 6.5 as a function of
incident radiation (VUV versus CUV), position of substrate within the
photolysis chamber, and type of window used for VUV irradiation.
Results for the CUV 1light source showed that deposition only occurred
immediately next to the window, the remaining positions only showing
evidence for physical adsorption of monomer onto the aluminium foil
substrates used (Figure 6.8). Similarly, VUV irradiation resulted in
complete deposition only at position 2, although the Cls envelopes
obtained at position 3 were possibly indicative of an incomplete
overlayer of film rather than simply adsorption of monomer.
Simultaneous irradiation with both CUV and VUV sources gave little
change in the atomic ratios of chlorine and nitrogen to carbon in
position 1, whereas the Cls envelope revealed an increase in the
component centred at 286.6 eV, that at 287.7 eV dropping in intensity.
Thus there is a change in the distribution of the different moieties
types here without an overall change in the stoichiometry of the f£film
surface. In addition the N1ls envelope at position 2, which showed a
marked increase in the 399.3 eV component compared to irradiation by

VUV alone. Replacing the MgF, window, which has a wavelength cut-off

2
circa 110 nm, for one made out of Spetrosil B with a higher cut-off at

about 150-160 nm, led to incomplete film deposition in position 2 for

VUV illumination, both when carried out alone and also on the presence
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of a CUV light source (Table 6.6). Repeating the experiment suggested
that the differences observed in chemical composition at position 1
were probably caused by experimental error. In contrast, it appears
that the incomplete coverage of substrate observed for position 2 can
be attributed to the higher wavelength cut-off of the new window
material used. This in turn suggests that the VUV emissions from a
nitrogen plasma occurring between 110-160 nm, ie at 149 nm, must be at
least partly responsible for polymer formation in this instance.

The above results again suggest that it is photolysis processes in
the gas phase which affect the chemical composition of the surface
photopolymer formed and which hence account for the differences
observed between the films deposited respectively in the vacuum and
conventional ultraviolet regions.

The next step in the investigation was to test whether or not two
photon processes were occurring in the system. If so, then the film
deposited during simultaneous CUV and VUV irradiation should have
differing chemical composition compared to those using a single light
source. A nitrogen plasma was therefore ignited perpendicular to the
flow 'direction, the Hg/Xe lamp irrgdiating down the 1length of the
reactor (Figure 6.7). B

Three initial experiments employed a 200W Hg discharge in position
1, followed by a 65W plasma initiated in 0.4mb of nitrogen as the VUV
source at position 2), prior to simultaneous irradiation. Two
substrate positions were used -~ immediately next to the cell window
(the CUV position), and immediately opposite the VUV source (the VUV

position) (Figure 6.7). The results are shown in Table 6.6 for a flow
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rate of 0.55 cc(STP)min-1 of <chloroacrylonitrile irradiated for 5
hours. They suggest that, for simultaneous CUV and VUV irradiation,
the film formed in the VUV position is dominated by the >200 nm
photochemistry of the Hg arc lamp but that the CUV position in fact
gives rise to a different film composition compared to near UV
irradiation alone.

However, even allowing for some of the fresh monomer entering the
photolysis chamber initially flowing towards the window, and hence
being illuminated by the VUV source prior to deposition at the CUV
position, it was expected that a difference in chemical composition
would be seen either at the VUV position alone, or else in both
positions. Repetition of the experiment suggested that experimental
error probably accounted for the discrepancy between substrate
positions, such that the results of the investigation were thus
ambiguous - whilst prolonged irradiation appeared to give rise to a
downstream influence of depositing species, whether these continue to
stay in the light beam or not, the effect on chemical composition was
not proven. However, the fact that substrate coverage in position 3 in
the initial two window experiments only occurs to any extent under
simultaneous illumination at positions 1 and 2 suggests that the VUV
source is 1likely to be contributing.to deposition in the system, In
later experiments involving higher CUV photon fluxes, and hence higher
deposition rates, analysis of the films formed at position 3 again
showed them to be similar to those deposited from CUV irradiation only
(the effect here is possibly enhanced by the “swamping” of the
comparatively lower intensity of the VUV photon flux by that of the

cuv) . Originally, a difference in chemical composition of the
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resultant films was envisaged, due to the ©photochemistry of
chloroacrylonitrile in the vacuum UV ( <200nm) compared to the
conventional UV wavelengths ( >200nm) - the absorption of light in the
former case can involve the ii* <-- 1ii absorption of the C=C double
bond, whereas the latter is dominated by the o* <-- o photochemistry of
the C-Cl1 moiety, the (free radical) photolysis products differing
accordingly, this difference being seen in the comparison of the CUV
and VUV surface photopolymers investigated in Chapter 5.

The possibility of two-photon processes occurring during the
surface photopolymerization of chloroacrylonitrile therefore remains
neither proven nor disproved. However, Ward has used photochemical
kinetics to show that the order of reaction for surface
photopolymerization of ©NVP is greater than unity wunder certain
experimental conditions, which suggests that the mechanism in this case
involves the absorption of more than one photon.3

A more detailed investigation is perhaps possible using lasers,
which have been extensively used in recent vyears to probe the
mechanisms of multi-photon dissociation processes in various molecules,
not only in the VUV (ArF 193 nm excimer laser) and CUV (KrF 248 nm laser)
regions, but also the infra-red. Whilst the aéplication of such a tool
to the study of surface photopolymerization is a possibility for the
future in order to gain a deeper mechanistic insight into the processes
involved, few of the references found at the time of writing
acknowledged the presence of organic thin film deposition in a laser
system.4_6 This may be due to the very short irradiation times (eg <<
1s) used, for example in flash photolysis, is insufficient for surface

photopolymerization to be observed; however, especially in those
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studies where longer irradiation periods are involved, it seems likely
that thin film deposition does occur, and will be increasingly reported

in the future.
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CHAPTER 7

PHOTODEPOSITION RATES OF ORGANIC THIN FILMS

OF CHLOROACRYLONITRILE
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7.1 Introduction

Plasma polymerization deposition rates fall into two main regions.
The first is deficient in the amount of monomer present compared to the
level of power input to the system, whilst in the second region this
situation is reversed. A graph of deposition rate versus the W/FM
parameter (Figure 7.1) shows an increase with monomer availability - up
until the point at which the power input to the system becomes the
limiting factor; any further increase in the amount of monomer present
in the system results in a decreasing deposition rate.l An analogous
situation was suggested by Till2 for photopolymerization of n-vinyl
pyrrolidone (NVP), the power input to the system being the photon flux
output of the 1light source used. This chapter investigates possible
effects of power (W), flow rate (F), and of various added (non-
polymerizable) gases, on the photopolymerization of chloroacrylonitrile

at near ultra-violet ( >200nm) wavelengths.

7.2 Experimental

The experimental apparatus used, Figure 7.2., consisted of a metal
photolysis chamber, the sections of which were bolted together using
copper O rings sandwiched between metal flanges. Connecti%n between
the chamber and the glass portions of the vacuum system was effected
using Cajon ultratorr couplings. Pumping was provided by an Edwards
21s pump connected to the chamber via a cold trap; the pressure of
the system was monitored by a Pirani head whilst deposition rates were
recorded using a quartz crystal deposition monitor connected to an

amplifier to give a digital readout. The crystal was placed next to

the calcium fluoride window of the cell, the latter being mounted in
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the usual window holder and cleaned between expeiiments using an oxygen
plasma to remove the deposited film. The lead for the oscillator passed
down the length of the chamber and exited through the rear wall, vacuum
tightness being effected by sealing the exit hole with araldite.

Chloroacrylonitrile in a monomer tube was attached to the system
via cajon couplings. Measurement of flow rate using an X-Y recorder
wired up to a pirani head gave a large experimental error in
determining the tangent at the operating pressures used. The results
are thus presented as a function of monomer pressure in the system. On
adding a non-polymerizable gas to study its effect on the deposition
rate of the system, full mixing with the monomer was ensured in a T
piece prior to entry into the main chamber. Flow of all vapours was
controlled using Edwards needle valves, whilst irradiation was carried
out at 185 nm using a Hanovia 1000W, 240V, 50Hz medium pressure Hg arc
lamp, used on a 100W setting and placed lcm from the window (itself 1lcm
thick) throughout. Experiments fell into two categories:

1) deposition rate experiments, in which the thickness of the
depositing film was observed with respect to time for various
experimental conditions (an arbitrary, constant setting for the density
of the deposition monitor film, which ensured good sensitivféy for the
10-15 minute duration of the experiments, allowed a direct comparison
of film thickness, and hence rates of deposition, between systems,
without the absolute values having to be known).

2) repeat experiments for the same experimental conditions as
above, with the addition of an aluminium foil placed immediately on top
of the quartz crystal in order to allow analysis by ESCA of the thin

film formed.
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7.3 Results and Discussion

I. Variable Flow Rate

0.2mb of chloroacrylonitrile was ir-adiated for ten minutes, the
reading on the deposition monitor beinc noted every thirty seconds.
The results, Figure 7.3, show an initial, short, time period prior to a
rapid, but steady rise in thickness o¢Z the film in the first few
minutes. This growth rate tailed <c¢Zf as the 1light intensity
transmitted through the window was increzsingly attenuated by build up
of polymer film on its surface. It was zlso discovered that even a 10
minute illumination time markedly heated zhe metal reactor, causing the
reading of the deposition monitor to increase even in the absence of
organic vapour. This heating effect, shown in Figure 7.4, was
therefore taken into account by adjusting the readings (Figure 7.3)
accordingly. The corrected graph is o be found in Figure 7.5,
together with the results for 0.1lmb and [.15mb. The overall trends for
all three experiments were found to be un:changed whether or not heating
effects were taken into account. Film thickness, and hence deposition
rate, was found to increase with flow rats as expected (the photon flux
was effectively constant throughout). Further experimenég on the
heating effect of the lamp with various cressures of non-polymerizable
gases present revealed little difference with pressure within expected
experimeﬁtal error; further results are zhus presented uncorrected for
heating since a) the 1investigation was intended to be qualitative,
rather than quantitative; b) correcticn of the data was previously

shown not to alter the overall trend of decosition.
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After completion of these initial experiments, the ultraviolet
light source broke down, requiring a new discharge tube for the
completion of the work. This in turn resulted in increased deposition
rates on repeating the original experimental conditions due to the new
tube having a higher photon flux than the old one for the same 100W
power setting, the observation showing another similarity between
plasma and surface photopolymerization since, if the two processes are
truli analogous, then the qualitative effect of W/F should apply to
both systems. This appears to be the case since an increase in the
photon flux for the given flow rate increases the power available in
the parameter W/F, and hence the increased flow rate seen agrees with
the model prediction, assuming a power deficient region (the system is

unlikely to be monomer deficient, since the pressure of monomer in the

reactor chamber was quite high). Similarly, removing the light source
from the window by some 8cm - ie decreasing the photon flux by about
95% - was found to result in a lower deposition rate, and also to

change the chemical composition of the film formed as studied by ESCA
(see section III, Table 7.2). Qualitative reproducibility of results
for the variable flow rate series with the new light source was proved

for repeated experiments, the trends proving to be the same for the

two light sources (Figures 7.6, 7.7).

II Effect of Added Gas

The next stage of the investigation examined the effects of added,
non-polymerizable gases on the film thickness formed and hence
(qualitative) deposition rate of the system. Using nitrogen as an

inert buffer gas, two sets of experiments were performed. The first,
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Figure 7.8, maintained a constant partial pressure (0.1mb) of
chloroacrylonitrile whilst varying the total pressure of the system
using nitrogen. Once again correction of the results to allow for the
heating effect of the lamp was found not to alter the overall trends.
The results are thus shown in their uncorrected form, and suggest that
adding a 0.0lmb partial pressure of buffer gas to the system appeared
to increase slightly the rate of film deposition in the first 15
minutes of the experiment, although the total film thickness after 20
minutes, as recorded by the crystal deposition monitor, is the same as
that for chloroacrylonitrile irradiated alone. Both higher partial
pressures of added nitrogen (0.1 mb and 0.3 mb) led to similar results
as for 0.0lmb over the first portion of the experiment, the final film
being noticeably thicker. Thus the results do appear to show a
pressure effect on the system with respect to photodeposition rate. A
comparison of results for a mixture of 0.lmb of monomer together with
0.1lmb of added nitrogen with those for 0.2mb of monomer alone, Figure
7.9, which shows that the latter condition leads to the greater
deposition rate - ie it is the monomer pressure and flow rate that is
important such rather than that of carrier gas. Coupling this with the
dependence of reaction rate on photon flux suggested in chaéfer 5 and
the use of a new discharge tube (above), the rate equation is probably
of the form :
v = k[monomer]I
where I is the intensity of the incident radiation, and the equation is
of the form found by Koizumi and coworkers for the gas-phase
r

photopolymerization of vinyl chloride4 5. The dependence of reaction

velocity, v, on monomer pressure is further shown in Figures 7.5 and
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7.10. In the latter the deposition of ‘0.2mb of monomer irradiated
alone is compared to that on addition of 0.1lmb N2 and 0.2mb NZ'
together with the result for 0.lmb monomer in the presence of 0.3mb N2.
Note, that the initial deposition rate for the 0.2 mb CAN / 0.2 mb N2
mixture is slightly higher than that for the monomer alone, although
the thickness of film deposited after 10 minutes is about the same. The
existence of a pressure dependence of the overall photopolymer
deposition rate would be indicative of a mechanism involving
vibrationally excited ground states, since the (quantum) yield of
products utilising these are known to decrease as the pressure of the
system increases.3 This result is due to the increased frequency of
molecule-molecule collisions per second leading to a greater level of
collisional stabilisation and quenching. This would agree with the
results of Koizumi et al for gaseous vinyl chloride irradiated at 253.7

405 which was observed to

nm in the presence of mercury as sensitiser,
give a white surface photopolymer. The photochemistry can be
interpreted using the data of Callear and Cvetanovic,6 which would
suggest that collision of Hg(3P1) with ground state vinyl chloride
molecules leads to a vibrationally excited triplet state which
undergoes unimolecular decomposition to give acetylenes. :ésing the
data of Simons7, this triplet is in fact the 3Bu ground state. The
overall sensitisation photochemistry is effectively the same as that
obtained if steady-state photolysis occurs at 185 nm.3'5

Oxygen was next added to the system in order to study any uptake
occurring during the photodeposition process, rather than incorporated

on subsequent exposure of the film surface to air. Figure 7.11 shows

the results for various mixtures of CAN + 02 (0.lmb + 0.lmb and 0.2mb +
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0.2mb respectively) as well as both 0.1lmb and 0.2mb of CAN vapour
irradiated alone. These clearly show that the overall amount of film
deposited over longer irradiation times (10-20 minutes) is less.
Repeating the experiment consistently gave similar results. Since
irradiation occurred above the vacuum ultraviolet threshold for oxygen
photochemistry , it is possible to discount oxygen acting as a quencher
of electronically excited states. This suggests that reaction probably
occurs with free radicals formed in the film surface as it deposits, an
idea subsequently reinforced by ESCA analysis of photopolymer deposited
onto aluminium substrates irradiated under the same experimental
conditions (see below), which confirmed that oxygen uptake by the
photopolymer films had indeed taken place.

The above evidence reinforces the possible importance of free
radicals in the photochemistry of chloroacrylonitrile surface
photopolymerization as suggested by the iodine inhibition experiments
reported in Chapter 5. Similar experiments wusing the crystal
deposition monitor also exhibited inhibition - the results shown in
Figure 7.12 indicating that the deposition rate for 0.2mb of CAN in the
presence of iodine at vapour pressure is somewhat less than that of
even 0.1lmb of CAN vapour alone. Surprisingly, the plot alsoléuggests a
lower deposition rate for the 0.2mb CAN/I2 system than for 0.1lmb
CAN/IZ, even though ESCA analysis showed complete coverage of the
aluminium substrate in the former case whilst a large Al2p signal was
observable for the latter. This was accounted for in a control
experiment in the absence of monomer, which iodine molecules were found
to be physically adsorped onto the surface of the exposed foil

substrate, a process that must therefore occur during the inhibition
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experiment as well as iodine species being chemically incorporated into
the polymer. Deposition of large amounts of iodine in the short time
period of the experiment would therefore cause the deposition monitor -
which assumes a constant film density due to chloroacrylonitrile
polymer alone - to give a higher reading than anticipated, since 12 is
a heavier molecule than the monomer. ESCA analyses of the two films
formed supports this idea, since incomplete deposition for the 0.1lmb
CAN/I2 system exhibited both an Al2p and a large I3d signal - ie an
incomplete photopolymer overlayer together with a high presence of
molecular iodine - whilst the 0.2mb CAN/I2 experiment gave complete

coverage of the substrate, with only a very 1low 1level of iodine

incorporation, Table 7.1.

ELEMENT Carbon Chlorine Nitrogen Oxygen Iodine

ATOMIC RATIOS 100 26 28 3 2

TABLE 7.1 Atomic Ratios — 0.2 mb CAN + Vapour Pressure of Iodine

Note that this latter result agrees with that found for a high

flow rate of chloroacrylonitrile in the presence of I, found in Chapter

2

5 and previously thought to be possibly spurious. Thus}' although
inhibition of the photodeposition process does occur, it does not
constitute complete suppression due to the large ratio of monomer to
iodine molecules achieved in the gas phase. This contrasts sharply
with the lower flow rate situations in which the the concentration of
iodine molecules - and radicals - becomes sufficiently high to prevent
photopolymerization taking place to any great extent, presumably by

free radical recombination, either with potential depositing species in
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the gas phase and/or with active radical sites on the surface of the
growing film. Given a sufficient concentration of iodine radicals, and
other (excited state) species, complete inhibition of film formation
may be possible.

Transferring this knowledge to the plasma polymerization system,

(Chapter 4) it can be seen that film deposition from
chloroacrylonitrile outside the glow region - and hence in the absence
of ions and free electrons - could therefore occur via free radical

mechanisms when the concentration of iodine is sufficiently low. This
contrasts with the case for allyl cyanide. Here, not only does the
presence of I  and/or I3_ ions in the plasma polymer films suggest the
importance of ion chemistry in the deposition process, but also the
absence of deposition outside the glow region for similar
concentrations of monomer and iodine in the gas phase as for the CAN/I2
system suggests either a) that the number of free radicals produced in
the plasma is much lower for the former than the latter, resulting in
complete quenching of any free radicals present by the iodine, or b)
free radicals in the system do not deposit. Case (a) is felt to be
more likely, although any such proof is outside the scope of this work.
Whichever, the overall results for allyl cyanide plasma polyﬁér suggest
a minor role for free radical chemistry in the plasma polymerization
process compared to ion chemistry, as opposed to the opposite suggested
for chloroacrylonitrile.

Future work in this area should include a study of the surface
photopolymerization of allyl cyanide in the gas phase, since the

absence of any film deposition would reinforce the idea of the

dominance of ion chemistry for this monomer.
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ITII ESCA Analyses

Each experiment in the above series of experiments was repeated
using an aluminium foil substrate placed immediately on top of the
quartz crystal monitor to enable subsequent ESCA analyses of the
deposited film to be carried out. The results for elemental
stoichiometries compared to carbon are shown in Table 7.2 - 7.4.
Looking at the results for CAN vapour irradiated alone, Table 7.2, it
can be seen that an increase in pressure (and hence flow rate) results
in an increase in chlorine content of the film, in accordance with the
results in Chapter 5. The N:C ratio hardly changes throughout whilst -
again as expected - the oxygen content drops with increasing flow rate,
the minimal amount reflecting both the 1level of vacuum tightness
achieved in the system and the lower ratio of oxygen to monomer at the
higher operating pressures used. Moving the lamp to a position 8cm
from the window on repeating the experiment - ie again decreasing the
incident intensity by about 95% =~ increased both chlorine and nitrogen
retention quite markedly, such that they were both very close to the
1:3 ratio with carbon expected from a conventional chain growth
polymerization mechanism, though it was felt that this observation was
a photon flux effect rather than a change of polymerizatio&:nechanism
from the expected step growth anticipated at the lower pressures (<
0.3mb) used. However, such a phenomenon has been found to occur for
higher pressures (>> 1 torr) of methyl methacrylate.8 The Cls
envelopes (not shown) reflect these stoichiometries, whilst the Nls
spectra showed a higher proportion of nitrile to other environments at

both higher power and lower photon flux.
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Table 7.3 tabulates the results for the addition of nitrogen to
the system, which appears to have no apparent effect on the nitrogen
and oxygen content of the film formed. The Cl:C ratio increased above
the 15-20% experimental error limit usually found; however, a lower
chlorine content for 0.3mb than for only 0.lmb of added nitrogen,
together with the similarity of the Cls and Nls envelopes, suggests
that such error is in fact likely to be the cause, such that any effect
of nitrogen on both chemical composition and/or deposition rate (as
measured by film thickness) is believed to be unobservable with this
apparatus.

Table 7.4 shows that, as expected, more oxygen incorporation into
the polymer film occurs during the photodeposition process in the

presence of O, in the photolysis chamber than can be accounted for by

2
uptake from the atmosphere on transferring the film sample from
apparatus to the ESCA spectrometer. Rather, incorporation occurs
throughout the thickness of the film, probably as each "surface" of the
depositing film - complete with active radical sites - reacts with
oxygen speqies in the gas phase before itself being coated by further
polymeric deposit. In contrast, on exposure of pure
chloroacrylonitrile photo- and plasma polymer films (ie thosé:deposited
in the absence of any other gas, including oxygen) to the atmosphere
only those free radicals which lie in the actual surface layers will be
able to take up oxygen, hence limiting the amount of oxidation that
might occur. This suggestion is borne out by a depth profiling study,
which revealed an identical chemical composition - including oxygen

content - throughout the film, which therefore appeared to be

homogenous. One other interesting feature noted was that the
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proportion of nitrile to other nitrogen environments, typically
accounting for some 80-85% of the Nls envelope, was consistently
somewhat less than the 90% plus observed for the organic vapour
irradiated alone. Why the presence of oxygen might promote opening of

the carbon-nitrogen triple bond is unknown.

Cls Envelope N1ls Envelope
PRESSURE C Cl1 N O 285.0 286.6 287.8 289.0 399.3 401.8
of CAN
lamp next to window
0.1 mb 100 18 26 3 31 58 11 88 12

0.2 mb 100 26 28 1 28 59 13 92 8

lamp moved 8cm from window
0.1 mb 100 24 26 1 33 47 17 3 95 5
0.2mb ~ 100 34 31 2 27 58 14 1 94 6

TABLE 7.2 Elemental Stoichiometries Obtained from ESCA

P (CAN) P(Nz) Cls Envelope Nls Envelope
in mb C €1 N O 285.0 286.6 287.8 289.0 399.3 401.8
0.1 0.1 100 24 27 3 29 58 13 92 8
0.1 0.3 100 21 26 3 35 53 12 91 9
0.2 0.2 100 26 28 3 31 60 9 91 9

TABLE 7.3 Effect of Added Nitrogen
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P (CAN) P(OZ) Cls Envelope " Nis Envelope
in mb C C1 N O 285.0 286.6 287.8 289.0 399.3 401.8

0.1 0.1 100 30 33 12 24 43 18 15 82 18

0.1 0.1 100 29 25 17 20 46 19 15 85 15

0.1 0.3 100 25 36 18
0.2 0.2 100 25 27 15 24 43 18 15 85 15
0.2 0.2 100 24 21 13

TABLE 7.4 Effect of Added Oxygen

Conclusion

This work illustrates both the variety and apparent complexity of
organic thin films deposited by plasma and photochemical techniques.
The nature of the monomers - together with the power / photon flux,
flow rate and, where appropriate, incident wavelength used are all
shown to influence the respective film deposition rates and processes,
together with the chemical composition (as determined by ESCA) of the
polymers formed. For the monomers studied, the Yasuda parameter W/FM
appears to influence the polymerization process qualitativ%iy rather
than quantitatively. This is especially true for the two structural

isomers of C,H_N, allyl cyanide (CH2=CH

4Hg CHCN) and methacrylonitrile

2
(CH2=CMeCN), which - if Yasuda’s parameter holds true - should exhibit
identical behaviour with regard to deposition rates for the same
experimental conditions, rather than the marked differences actually

found for both these and the chemical composition of the plasma polymer

films formed.
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The effect of substrate position within the reactor chamber -
wheéther plasma or photochemical - was also found to be of importance,
whilst the addition of iodine or bromine to the system generally
altered and/or inhibited the expected polymerization process, the
resultant films exhibiting both physical and chemical halogen
incorporation. Evidence was found in both the ultraviolet and ESCA
spectra for the existence of I  and/or I3_ ions in the plasma polymers
of allyl cyanide and chloroacrylonitriele deposited in the presence of
iodine vapour. Such a change in the chemical composition of the film
can, 1in turn, alter its physical characteristics - for example plasma
polymers of acrylonitrile are non-conducting insulators, whereas
incorporation of iodine moieties into the deposited film is known to
give rise to a small but detectable conductance (see chapter 4).

A comparison of the two deposition techniques shows that both
similarities and some differences exist between them. Reference to the
literature - already well documented for the area of gas phase
photochemistry with respect to mechanistic data, much 1less so for
plasmas - shows that such similarities are to be found at the molecular

as well as the macroscopic level. In summary, the processes involved

in plasma polymerization be therefore be explained in terms of the
current knowledge of the photochemical processes involved in surface
photopolymerization. Future photochemical 1literature should therefore
increase our overall understanding of both polymerization systems.
In addition, despite being a phenomenon that has been known to occur
for over fifty vyears, and freely acknowledged as existing by more
recent authors, a survey of the wealth of photochemical 1literature

available at the time of writing showed few references to surface
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photopolymerization, despite many of the steady-state gas-phase
photolysis experiments reported utilising similar experimental
conditions to those employed throughout this work. In particular, some
workers observed that their results in the area of quantum yields, used
in the determination of mechanistic pathways, were directly affected by
the build-up of thin films on the windows of their apparati, which
increasingly attenuated the intensity of the irradiation source as the
experiments progressed with respect to time, and affecting the accuracy
of the results obtained. It seems likely that such deposits might have
actually occurred in the majority of such experiments carried out,

rather than only in those reported. If true, the validity of a large

amount of quantum yield and other data reported - especially in that
literature where relatively long irradiation times are used - should
accordingly be questioned. The thin films deposited are, of course,

surface photopolymers. In view of this and the potential impact on the
area of gas phase photochemistry as a whole, it seems surprising that
the field has received little attention in the photochemical literature

to date.
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Al

If the sampling depth seen by the spectrometer is infinitely
thick, atomic ratios can be calculated according to rhe formula :
No. of atoms of element X per 100 C atoms

= A(X)/A(Cls) x sf(X)/sf(Cls)

where A(X) = area under the core level spectrum of element X
A(Cls) = " " " " " " " Carbon 1s
sf(X) = sensitivity factor for element X
sf (Cls) = " " * Carbon 1s
Sensitivity factors used throughout this work are : Cls = 1.0;
Cl2p = 0.41; Nis = 0.78; Ols = 0.56; I3d5/2 = 0.112; Br3d = 0.28.

In those cases where the sampling depth of the X-rays exceeds
that of the sample under study (such that a signal due to the
aluminium substrate can be =een) some of the Cls signal detected is
due to hydrocarbon contamination on thé substrate surfac%; Similarly
the Ols core level spectrum will partly reflect the oxygen present in
the protective aluminium oxide layer of the substrate. This problem
can largely be overcome by measuring the inteqrated areas for the Cls
and Al2p spectra. Equations 1 and 2 below can then be used to
estimate 1) the depth, 4, of the film on the substrate; 1ii) the
integrated area for the theoretical Cls spectrum of the sanple
assuming an infinitely thickk sampling depth; iii) the expected
integrated area for a polymer layer d Ao thick (via equation 3). The

values obtained enable approximate elemental atomic ratios to be

calcuated in the normal way.



A2

o0

IAl = IAl exp(~-d/ ANcos@ ), where & = take off angle (1)
v 00

ICls = IAl,Cls exp(-d/ Mcos &) + IC1 . (1 - exp(-d/ Ncose)) (2)

gwr
o
Now, (1) => IAl / IAl = exp(-d/ANcos®) =>d = XN cose1ln(IAl/IAl)

. [l
Substituting into (2) for d gives ICls,polymer, which can in turn be
/
substituted into (3) to give I Cls, the expected integrated
o
area for a polymer layer 4 A thick :
!

I Cls = ICls (1 - exp(-d/ N cos&®) (3)
NOTATION :
IAl = integral of Al2p signal in polymer spectrum
~
IAl - " " ” ”n " Al substrate "
*
IC1is = " " Cls " " polymer "
%* X
ﬁ [1] " H " " "
101%R§y~r = polymer
o
Ial,Cls = " "o " " Al substrate "
/ o
I Cis = " .o" " " polymer d A thick
* i.e. the integral actually observed in the Cis spectrum

* % i.e. the integral that would have been observed 1f the
polymer sample had been infinitely thick with respect

to the incident X-rays

o
total thickness of polymer in A

>
I

mean free path (NB: different for each element)
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Bi

The sensitivity factor of element X, relative to carbon C, can be

calculated from the formula :

* 1.6
X = ogu_ KE___

* 1.5
C a. KE

where
*

o 1is the corrected photoionisation cross section and KE is the

kinetic energy of the photoelectron.
*

o can be calculated fron
b 4

2
o =&/ 4497 [1 - P /2(3/2cos & - 1/2)]

=}
]

photoionisation cross section

B
"

an asymmetry parameter of the core level

& = the angle between photon source and analyser (the "take off"
angle).

Both o and 8 have tabulated values which can be found in :

J.Electron.Spec.Related Phenom., 8, 129 (1976)

ibid 8, 389 (1976)%
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