/

RTI/0790/00-01F. X

.
o,
S
s
Y
Soreec
b
S
e
-
s
~
o

ORGANIZATION '
Research Triangle Institute

ADDRESS

P. 0. Box 12194

REPORT TITLE
A STUDY OF AN ELECTRODELESS GLOW DISCHARGE

AS A MEANS OF MODIFYING THE SURFACE OF
POLYMERS

Research Triangle Park, NC 27709

CONTRACT NO.

NIH-NO1-HV-3-2913

REPORT NO.

NIH-NO1~HV-3-2913-7

AUTHORS

N. Morosoff, H. Yasuda

TYPE OF REPORT
Final Report

DATE OF REPORT
1980

PERIOD COVERED

BLOOD PUMPS

MATERIALS

ENERGY .

CONTROLS

INSTRUMENTATION

OXYGENATORS

EMERGENCY SYSTEM

TEMPORARY SYSTEM

TOTAL REPLACEMENT

b

PHYSIOLOGY

BIOLOGY

CHEMISTRY

PHYSICAL SCIENCE

TEST AN D EVALUATION
SYSTEMS

RESPIRATORY DEVICES

ORGANIZATION

Research Triangle Institute

19960207 087

PREPARED FOR

DEVICES AND TECHNOLOGY BRANCH
DIVISION OF HEART AND VASCULAR DISEASES

NATIONAL HEART, LUNG, AND BLOOD INSTITUTE

BETHESDA, MARYLAND 20014

MMW

U. S. DEPARTMENT OF
HEALTH, EDUCATION, AND WELFARE
PUBLIC HEALTH SERVICE
NATIONAL INSTITUTES OF HEALTH

DTIC QUALITY [NSPECTED }

NIH=1556 (Rev. 11-72)

Tm
PEEL




"BIBLIOGRAPHIC DATA | 1. Report No. 2. 3. Recipient's Accession No.
SHEET NIH-NO1-HV-3-2913-7
4 Title and Subtitle 5. Report Date
® A STUDY OF AN ELECTRODELESS GLOW DISCHARGE AS A MEANS OF 1980
MODIFYINC THE SURFACE OF POLYMERS 6.
7. Author(s) 8. Performing Organization Rept.
N. Morosoff, H. Yasuda No.
9. Performing Organization Name and Address 10. Project/Task/Work Unit No.
| Research Triangle Institute '
‘ P. O. Box 12194 11. Contract/Grant No.
Research Triangle Park, NC 27709 NIH-NOl-HV-3-2913
12. Sponsoring Organization Name and Address 13. Type of Report & Period
Devices and Technology Branch, Biomaterials Program Covered
Final Report
Division of Heart and Vascular Diseases 11/1197 - $3730/79
NATIONAL HEART, LUNG AND BLOOD INSTITUTE 14,
Bethesda, Maryland 20014

15. Suppiementary Notes

16. Abstracts A method of modifying the surface of materials for use in prosthetic
devices in contact with blood has been developed by the deposition of
‘glow discharge polymer. The effect of choice of monomer and of opera-
tional parameters on the chemical nature of the glow discharge polymer
has been extensively elucidated. Good reproducibility has been demon-
strated and tests by other contractors have indicated promising blood
compatibility. The method therefore yields a very thin (50-1000 A),
highly adhesive and cohesive coating that does not affect the bulk
properties of the substrate. Surfaces with a wide range of chemical
properties are accessible by this technique. In the last year of the
project a barrier to leaching of plasticizer from poly(vinyl chloride)
has been formed by glow discharge treatment and a change of chemical

properties for tetramethyldisiloxane glow discharge polymer has been
ound with aging.
17. Key Words and Document Analysis. 17a. Descriptors

17b. Identifiers/Open-Ended Terms

17c. COSATI Field ‘Group

18. Availability Statement Releasable to the Public 19. lS)\ccurit)y Class (This 21.4!;0. of Pages
. . . eport
Order from: National Technical Information Service UNCLASSIFIED :
5285 Port Royal Road 20. %each:nty Class (This 22. Price
‘ Springfield, Virginia 22151 UNCIL.ASSIFIED
FORM NTIS-38 (REV. 10-73)  ENDORSED BY ANSI AND UNESCO. THIS FORM MAY BE REPRODUCED USCOMM-DC 8265-P74
i




NHLI Notice

This report was prepared as an account of work sponsored by the National
Heart and Lung Institute. It is not to be construed as a report, opinion,
or recommendation of the National Heart and Lung Institute. It will be
available from the National Technical Information Service, 5285 Port
Royal Road, Springfield, Virginia 21151.

ii




FORWARD

A study of electrodeless glow discharge as a means of modifying the
surface of polymers was initiated under our contract No. NIH-NOl-HB-3-
2913 in November 1972. This final report consists of two major parts;
i.e., 1) The overall summary of the project in the period of 1972 -
1979, and 2) annual report to cover the research activities in our final
period December 1978 through November 1979.

The contract was initiated by Dr. H. Yasuda who served as principal
investigator until 1978. It continued under the direction of Dr. N.
Morosoff at the Research Triangle Institute when Dr. Yasuda moved to the
University of Missouri-Rolla in 1978. During the 1978-1979 period, Dr.
Yasuda served as coprincipal investigator and was responsible for a
portion of the contract tasks, notably the preparation of samples for
biological testing by other contractors. Because of the historic back-
ground of the contract, the overall review of the project is written by
Dr. Yasuda; Dr. Morosoff has summarized the results of the final year

and both investigators have contributed to the Conclusions.
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1.0 Overall Review of the Project

1.1 Introduction

When this project was initiated, it was known that the exposure of
a polymer to a glow discharge atmosphere will modify the surface of the
polymer, known as CASING ( Crosslinking by Activated Species of Inert
Gases), indicating glow discharge treatment of a polymer can be used in
the modification of a polymer surface. It was also known that glow
discharge of an organic material (monomer) will lead to the formation of
polymeric materials and often leads to a thin layer of coating onto the
surface of a substrate exposed to such a glow discharge.

We had a certain knowledge of this aspect, namely glow discharge
polymerization, owing to our previous experience in .our attempt to
prepare ultrathin membranes by this technique.

Accordingly, our initial efforts were aimed at both glow discharge
treatment of polymer surfaces by nonpolymer-forming glow discharge, and
the modification via the application of ultrathin coating by glow dis-
charge polymerization. However, it soon became evident that the change
or modification of surface characteristics obtained by treatment with
nonpolymer-forming glow discharge, such as argon or nitrogen, without
application of ultrathin film, decay with time after the treatment although
a permanent modification is effected. Contrary to this, it was quite
evident that the application of ultrathin layer by glow discharge poly-
merization provided a much more stable modification. Because of this
time dependent characteristic, or the decay of modification effects, the
major emphasis of the project in the later years was shifted to the
method which relies upon the laying-down of ultrathin coating by glow
discharge polymerization.

It is regrettable that this situation has been mistaken or mis-
quotated in some reports and review articles as if the modification
obtained by the glow discharge polymerization was not a long lasting
one. Contrary to this misquotation, glow discharge polymerization
provides most stable surfaces known today.

Althopgh we had certain knowledge on glow discharge polymerization
and there also were numerous reports which support the potential of the

method, as far as the fundamental aspects of polymer formation were




concerned, no clean-cut view was available at that time. Comnsequently,
it was necessary to carry out a certain amount of fundamental studies to
elucidate the mechanisms of polymer formation in order to obtain the
surfaces which will be suitable for modification of biomaterial surfaces.
This aspect of the study is summarized in Sections 2 and 3.

In order to provide a general picture on the current art of the
subject, i.e. glow discharge polymerization or coating, the report is
presented in a form of review including work appearing in literature
during this reporting period, rather than summarizing the experimental
results in a chronological order.

1.2 Glow Discharge Polymerization Processes

When an organic vapor is injected into a glow discharge of an inert
gas such as argon, or when a glow discharge of a pure organic vapor is
created, the deposition of polymeric films onto an exposed surface is
often observed. Polymer formation that occurs in such a process is
generally referred to as plasma polymerization or glow discharge poly-
merization.

The recognition of thin film formation by glow discharge polymeri-

1,2 However, in most cases the polymers

zation can be traced back to 1874.
were considered as'byproducts of an electric dischargeg'—9 and, conse-
quently, little atténtion was paid either to the properties of those
polymers (undesirable byproducts) or to the process as a means of forming
polymers.

Only in relatively recent years (about the 1950's) has glow discharge
been utilized in a practical way to make a special coating on metals.
Once some of the advantageous features of plasma coating (e.g., flawless
thin coatings, good adhesion to the substrate, chemical inertness, and
low dielectric constant) were recognized, much applied research on the
use of the process was done. The literature cited herels-63 represents
only some of the early investigations.

In order to distinguish the term plasma polymerization, which is

used to describe a special kind of polymer formation mechanisms in glow

discharge, the term glow discharge polymerization is used in this report

to refer to plasma polymerization in the wider meaning. Therefore, in

the context used in this report, plasma polymerization refers to polymer-




ization mechanisms that constitute a portion of the glow discharge
polymerization.

1.2.1 Characteristic Aspects of Glow Discharge Polymerization

1.2.1.1 Glow Discharge Polymerization

Although the phenomemon of polymer formation in a glow discharge is

referred to as glow discharge polymerization, the terminology of polymer-

ization may not represent the actual process of forming a polymer, or
the word "polymerization" may even be misleading. The conventional

meaﬁing of polymerization is that the molecular units (monomers) are

linked together by the polymerization process. Therefore, the resultant

polymer is conventionally named by '"poly + (the monomer)". For instance,
the polymer formed by the polymerization of styrene is named polystyrene.
In this conventional context, polymerization refers to molecular polymeri-
zation--i.e., the process of linking molecules of a monomer.

In a strict sense, polymerization in the conventional context does
not represent the process of polymer formation that occurs in a glow
discharge--although such polymerization may play a role, depending on
the chemical structure of a monomer and also on the conditions of the
glow discharge.

In contrast to conventional polymerization--i.e., molecular polymer-
ization--polymer formation in glow dicharge may be characterized as
elemental or atomic polymerization. That is, in glow discharge polymer-
ization, the molecular structure of a monomer is not retained, and the
original monomer molecules serve as the source of elements which will be
used in the construction of large molecules. Therefore, glow discharge
polymerized styrene is not polystyreme. Also, glow discharge polymerized
benzene is not polybenzene, but glow discharge polymers of st?rene and
of benzene are very much alike. |

Because of this characteristic nature of the polymer formation
process, the starting compound cannot be considered to be the monomer in
the conventional context used in relation to the corresponding polymer.
A compound used in glow discharge polymerization is merely a starting
material in the process.

A polymer formed by glow discharge polymerization cannot be identi-

fied by the starting material since the molecular structure of the




starting material is not retained in the polymer structure. This leads
to another important point--that glow discharge polymerization or polymers
formed by glow discharge of a starting material are highly dependent on
the system or conditions under which the polymer is formed.

In other words, glow discharge polymerized styrene is not polysty-
rene, and there is no material that can be fully identified as glow

discharge polymerized styrene. Not enough emphasis has been placed on

the latter aspect, perhaps due to the somewhat misleading use of the

word polymerization, and also due to an a priori concept of polymerization

and lack of the distinction mentioned above.

It should be noted here that a polymer similar to polystyrene can
be formed by using an electric discharge process if conditions are
chosen to favor conventional polymerization of styrene. Even in such a
case, the polymer that is formed is generally not quite equivalent to
the conventional polystyrene because polymer formation that is charac-
terized by atomic polymerization usually occurs simultaneously. The
balance between different polymer formation mechanisms is indeed an
important factor which contributes to the system-dependent nature of
glow discharge polymerization.

1.2.1.2 Overall Mechanism of Polymer Formation in Glow Discharge

The individual steps or reactions that are involved in the process
of polymer formation in a glow discharge are extremely complex; however,
several important types of phenomena can be identified in order to
construct a general picture of glow discharge polymerization. The
process involved can be represented schematically as in Figure 1.70
Glow discharge polymerization can be considered to consist of two major

types of polymerization mechanisms. The direct route is plasma-induced

polymerization and another is plasma polymerization. Plasma-induced

polymerization is essentially the conventional (molecular) polymerization
triggered by a reactive species that is created in an electric discharge.
In order to form polymers by plasma-induced polymerization, the starting
material must contain polymerizable structures such as olefinic double
bonds, triple bonds, or cyclic structures.

Plasma (atomic) polymerization is a unique process which occurs

only in a plasma state. This polymerization can be represented by:
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Figure 1. Overall mechanism of glow discharge polymerization.
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Propagation and Termination
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where i and k are the numbers of repeating units (i.e, i = k = 1 for the
starting material), and M* represents reactive species which can be an
ion of either charge, an excited molecule, or a free radical, produced
from M but not necessarily retaining the molecular structure of the
starting material (i.e., M can be a fragment, or even an atom detached
from the original starting material).

In plasma polymerization, the polymer is formed by the repeated

stepwise reaction described above. It should be noted that plasma-

induced polymerization does not produce a gas phase by product, since

the polymerization proceeds via utilization of polymerizable structure.
Plasma-induced polymerization may be schematically represented by a

chain propagation mechanism as follows:

M*® + M > MM*~

M.* + M > M¥
1 i+

Propagation
1
M.* + M. % > M, -M Termination
i k ik
It should be emphasized that general polymerization in a glow

discharge consists of both plasma-induced polymerization and plasma

polymerization. Which one of these two polymerization mechanisms plays

the predominant role in the polymer formation in a glow discharge is
dependent not only on the chemical structure of the starting materials,
but also on the conditions of the discharge.

Nonpolymer-forming gas products are produced in the process of
forming reactive (polymer-forming) intermediates and also in the process
of decomposition (etching) of the polymer deposit or of the substrate
material. Since polymer-forming species do not stay in the gas (plasma)
phase long enough, the major portion of the gas phase of a polymer-forming
glow discharge consists of the product gas, when a high conversion

ratio of a starting material to a polymer is obtained. This is an




extremely important factor; however, it has been dealt with lightly or
has been completely neglected in most work appearing in the literature.

The characteristics of the product-gas plasma play the predominant
factor in determining the extent of the ablation process, which is shown
in Figure 1. Since the majority of work on glow discharge polymerization
appearing in the literature is with hydrocarbons--which produce hydrogen
as the product gas--the effect of ablation happened not to be great.
Consequently, the complete neglect of ablation did not make a signifi-
cnat difference in the overall picture of glow discharge polymerization.
However, when a fluorine- ot oxygen-containing compound is used as the
starting material, the image of glow discharge polymerization that is
built around that of hydrocarbons is completely shattered. With such a
compound - as the starting material, the extent of ablation becomes the
predominant factor, and the extent of polymer formation is entirely
dependent on the extent of the product gas formation.

Perhaps the most dramatic demonstration of the ablation effect has
been recently shown by Kay et gl.71 for glow discharge polymerization of
CF&‘ It had been thought that CF4 was one of the very few organic
compounds that does not polymerize in glow discharge. On the other
hand, CF4 has been used as one of most effect gases in plasma etching.
Kay et al. have observed that no polymer deposition occurs under normal
conditions in spite of the fact that C-F bonds are broken in the glow
discharge, which is confirmed by mass-spectroscopic analysis of the gas
phase. However, when a small amount of hydrogen is introduced into the
discharge, deposition of polymer is observed. When the hydrogen flow is
stopped, ablation of the polymer deposit occurs.

The situation observed in the above example may be visualized by
the comparison of bond energies shown in Table 1. It should be noted
that the energy level involved in a glow discharge is high enough to

72,73 (i.e., C-F is also broken although C-F is stronger

break any bond
than C-H). The important point is the stability of the product gas.

The bond energy for F~F is only 37 kcal/mol, whereas H-F is 135 kcal/mol
which is higher than 102 kcal/mol for C-F bond. The introduction of H2
into the monomer flow evidently produces HF and removes F from the

discharge system, thus reducing the etching effect by F, plasma. Although

2




Table I. Comparison of Bond Energies.

Bond Energy, kcal/mol
Cc-C 80
c=C 142
csc 186
C-H 99
C-F 102
H-H 104
- F-F 37

H-F 135




the term F2 plasma is used to describe the effect of detached F in

plasma, F2 is not detected in the plasma state, perhaps due to its
extremely high reactivity.74
It is interesting to note that F and O are two elements which
reduce the rate of polymer formation from compounds that contain one of
‘these elements. These two elements are the two most electronegative

elements among all elements. Of course the bond energy itself is not a

measure of the etching effect of plasma. For instance, the N-N bond is
only 32 kcal/mol. However, N2 plasma does not etch polymer surfaces;
instead, the incorporation of N into the surface predominates.75
Nevertheless, the importance of the ablation process shown in Figure 1
seems to be well demonstrated by the poor polymer formation in glow
discharge polymerization of CF4 and of oxygen-containing compounds.76
The polymer formation and properties of polymers formed by glow
discharge polymerization are controlled by the balance among plasma-

induced polymerization, plasma polymerization, and ablation; i.e.,

polymer formation is a part of the Competitive Ablation and Polymerization
(CAP) scheme shown in Figure 1. The kind of conditions that affect

these balances will be explained in the following section. Because of
this CAP scheme of glow discharge polymerization, gas evolved from
substrate materials also plays an important role particularly at the

early stage of coating.

1.2.2 Processing Factors of Glow Discharge Polymerization

It is extremely important to recognize the difference between
polymer-forming plasmas and nonpolymer-forming plasmas in order to
understand the true meaning of the processing factors of glow discharge
polymerization. Not all glow discharges yield polymer deposition. For
instance, plasmas of Ar, Ne, 02, NZ’ and air are typical nonpolymer-
forming plasma. The significance of polymer-forming plasmas, such as
glow discharges of acetylene, ethylene, styrene, benzene, etc., is that
a considerable portion or the majority of molecules of starting material
leave the gas (plasma) phase and deposit as a solid polymer.

In contrast to polymer-forming plasmas, the total number of gas
phase molecules in nonpolymer-forming plasmas do not change. Only a

portion of gas molecules are repeating the process of being ionized,
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excited, and quenched. However, the total number of gas molecules
remains constant. This situation can be visualized by the pressure
change that occurs before, during, and after the glow discharge. In the
case of a nonpolymer-forming plasma, no pressure change is observed
unless a material which reacts with excited species of plasma is placed

in the discharge system.”’78

The system pressure of a polymer-forming
plasma changes as soon as discharge is initiated. The pressure change
is dependent on the characteristic nature of the starting material,
which is related to the product gas formation described in the previous
section. With starting materials that yield very little product gas
(e.g., acetylene, benzene, styrene, etc.) the system pressure drops to
nearly zero when a high polymerization yield is obtained. In other
words, an efficient plasma polymerization is an excellent vacuum pump,
whereas a nonpolymer-forming plasma has no characteristic of this nature.

Unfortunately, most fundamental work on the plasma state was done
with nonpolymer-forming plasmas, and the concept of the operational
parameters used in such studies cannot be applied directly to polymer-
forming plasmas.

Characteristic polymer deposition by glow discharge polymerization
occurs onto surfaces exposed to (directly contacting) the glow. Some
deposition of polymer, occurs on surfaces in nonglow regions{but the
deposition rate is orders of magnitude smaller). The surface on which a
polymer deposits could be an electrode surface, a wall surface, or a
substrate surface suspended in the glow region. Another important
factor that must be considered in dealing with operational factors of
glow discharge polymerization is that glow discharge polymerization is
system dependent. Consequently, polymer deposition rates are dependent
on the ratio of surface to volume of glow. Therefore, other operational
parameters such as flow rate, system pressure, and discharge power are
insufficient parameters for the complete description of glow discharge
polymerization. Such parameters serve as empirical means of describing
operational conditions of glow discharge polymerization in a particular
system, but they should not be taken beyond this limitation.

The following operational factors are important; however, all

factors influence glow discharge polymerization in an interrelated
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manner. Therefore, any single factor cannot be taken as an independent
variable of the process.

1.2.2.1 Modes of Electric Discharge

Electric power sources with a frequency ranging between 0 (dc) and
GHz (microwave) can be used for glow discharge polymerization. The use
of a low frequency electric power source (up to about audio frequency
range) requires internal electrodes. With higher frequency, external
electrodes or a coil also can be used. Typical combinations of discharge
modes and reactor design are shown schematically in Figure 2.

The use of internal electrodes has the advantage that any frequency
can be used. The glow discharge is more or less restricted to the space
between electrodes. The best glow discharge is obtained with internal
electrodes at a relatively high pressure (> 0.1 torr). At lower pressure,
the glow discharge expands beyond the space between electrodes. At low
pressure (<0.02 torr) the glow occurs mainly in the space outside of the
gap between the electrodes, and the system becomes inefficient for glow
discharge polymerization. In order to restrict the glow to the space
between the electrodes in the low pressure range, it is necessary to
employ magnetic enhancement. Under typical conditions, polymer deposition
occurs mainly onto the electrode surface. With a high frequency (rf
range) power source, the glow tends to stray away from the space between
the electrodes; however, because of this tendency polymer deposition
onto a substrate surface placed in between the electrodes increases.79

The systems that employ external electrodes or a coil are suited
for large volume glow discharges. They are particularly suited for the
utilization of the tail-flame portion of the glow discharge. The tail-
flame refers to the glow discharge away from the energy input region
(under external electrodes or coil).

Whether a substrate is placed in the energy input region or placed
in the tail-flame-~-or in the case of an internal electrodes system,
whether a substrate is placed directly onto the electrode surface or
placed in between electrodes--plays an important role in the properties

of the polymer formed.70’79-82

The relative location of the energy
input and the polymer deposition is an important factor to be considered

in view of the CAP scheme of glow discharge polymerization (Figure 1) in
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which the substrate material also plays an important role in glow dis-
charge polymerization.

1.2.2.2 Flow Rate

The flow rate in most cases of glow discharge polymerization simply
refers to the feeding-in rate of the starting materials into the total
vacuum system and it does not necessarily mean the rate at which the
starting material is fed to the region of the system where polymerization
occurs.

It should be pointed out also that flow rates of a gas in a vacuum
system merely represent the total flux of gas but do not represent the
velocity of molecules as visualized in the flow of a liquid. The para-
meter F/p (where F is flow in cm3(STP)/min, and p is the system pressure
in atm) is proportional to the velocity of gas molecules in a given flow
rate F at pressure p.

1.2.2.3 System Pressure

The system pressure is perhaps the most misunderstood and ill-treated
parameter of glow discharge polymerization. This misunderstanding or
mistreatment largely stems from the lack of distinction between nonpolymer-
forming and polymer-forming plasmas. As mentioned earlier, efficient
glow discharge polymerization is an excellent pump. Consequently, the
polymerization itself changes the system pressure. Another factor
contributing to the misunderstanding is the failure to recognize the
effect of product gas. In many cases, the system pressure observed
before glow discharge P, is cited as though it represents the system
pressure during glow discharge polymerization, pg. Some authors claim
that pg is adjusted to P, by controlling the pumping rate. Since pg is
dependent on the production rate of product gas, such an operation is
not always possible. Furthermore, in view of the ablation process,
which is highly dependent on the amount of product gas, such an operation
does not seem to have any advantages or significance in controlling the
process.

The following points may clarify the meaning of system pressure in
glow discharge polymerization.

1. The system pressure before glow discharge, P, at a given flow

rate is entirely dependent on the pumping rate.83 The higher the pumping

rate, the lower is the value of P,
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2. The pumping rate of a system is dependent on the nature of the
gas and is particularly important when a liquid nitrogen trap or a
turbo-molecular pump is employed in a vacuum system as shown in Figure
3. These are excellent pumps for most organic vapors (starting material
of glow discharge polymerization) and some gases; however, they offer
virtually no pumping action for HZ’ which is the main product gas when
hydrogen-containing compounds are used as the starting material.

3. As far as the gas phase is concerned, glow discharge polymeri-
zation acts as an additional pump.

4. Glow discharge polymerization changes the gas phase from the
starting material to the product gas.

5. Consequently, the system pressure with the glow discharge on,
pg, is largely determined by the pumping efficiency of the product gas,
the efficiency of the polymerization, and the production rate of gas.

6. Therefore, there is no unique relationship between P, and Pg'
In a system where the polymerization yield is maintained at nearly 100
percent, pg is determined by the flow rate but not by the value of P,
as shown in Figure 4.

Since the velocity of gas molecules is dependent on pressure, the
value of pg (but not po) is important in controlling the distribution of
polymer deposition and the properties of polymers formed in glow discharge
polymerization; however, pg cannot be considered as a manipulétable
processing factor. The value of Pg can be manipulated to a certain
extent, but it is largely determined by the nature of the starting
material (i.e., gas production rate).

1.2.2.4 Discharge Power

The significance of discharge power in glow discharge polymerization
is quite different from that for nonpolymer-forming plasmas. In essence,
(the absolute value of) discharge power itself cannot be considered as
an independent variable of the operation since a certain level of dis-
charge power (e.g., 60 W) in a given set of discharge conditions for one
starting material (e.g., ethylene) could not even initiate a glow dis-
charge with another starting material (e.g., n-hexane) under otherwise
identical conditions. In other words, a relative level of discharge

power which varies according to the characteristics of starting materials
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is needed to describe the discharge power for glow discharge polymeriza-
tion.

In order to understand the importance of the discharge power para-
meter for glow discharge polymerization, it is very important to recognize
the following characteristics of glow discharge polymerization: (1) the
starting material is in the gas phase, but the main product is in the
solid phase; (2) glow discharge polymerization occurs mainly in the glow
region of a reactor; and (3) the glow region of the gas phase is not a
simple plasma of the starting material but contains significant amounts
of nonpolymer-forming gas product(s). Therefore, in order to describe
the discharge power of glow discharge polymerization, it is necessary to
express the characteristic power density in the glow volume of a flow
system. Consequently, the discharge power level to describe glow dis-
charge polymerization is a system-dependent parameter, not simply the
power-input into the system.

For instance, the discharge power necessary for glow discharge
polymerization (based on the maximum change which occurs in gas phase84
of various hydrocarbons is shown in Figures 5 and 6 as a function of
flow rate of the starting material. As seen in these figures, the dis-
charge power necessary for glow discharge polymerization depends on both
the molecular weight and chémical structure of the compounds.

The best first-order approach to dealing with this situation is to
use the parameter given by W/FM, where W is the power input, F is the
flow rate given by cm3(STP)/min, and M is the molecular weight of starting
material.84 The parameter W/FM represents the energy input per unit mass
of the starting material. The parameter W/FM does not contain terms
which describe the geometric factor of and flow pattern within a reactor,
and consequently the absolute value cannot be used in general cases.
However, it is a useful parameter to describe glow discharge polymeriza-
tion of different starting materials in a polymerization reactor.

The wide spread of discharge power shown in Figure 5 and 6 for
various compounds becomes roughly comparable values when (W/FM)C is
plotted against F, as shown in Figures 7 and 8. (W/FM)C represents the
values of W/FM given by lines shown in Figures 5 and 6. The value

[(W/FM) ] for various hydrocarbons are nearly constant, dependent
c >0
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only on structures of starting materials. It is worth noting here that
the slope observed in the plots of (W/FM)C vs F is proportional to the
hydrogen yield of compounds, as shown in Figure 9. 1In order to obtain
comparable glow discharge polymerization, the discharge po%er must be
selected according to F and M.

1.2.2.5 Geometrical Factor of Reactor

1. Bypass Ratio of Flow

Not all starting materials fed into a glow discharge polymerization
reactor are utilized in the polymer formation. The bypass ratio repre-
sents the portion of flow which does not contribute to glow discharge
polymerization. Consequently, the higher the bypass ratio of a reactor
is, the lower the conversion of the starting material is to the polymer.
Clearly, this ratio depends on the ratio of the volume occupied by
discharge to the total volume.

2. Relative Position of Energy-Input and Polymer Deposition

In glow discharge polymerization which utilizes internal electrodes,
either the substrate is placed directly on an electrode surface or
placed in the space between the electrodes.

With external electrodes or a coil, the location of the substrate
can be chosen in a variety of ways. Since the polymer properties and
the deposition rate are dependent on the location withip a reactor, this
is an extremely important factor in practical applications. The relative
position is further complicated by the factor described below.

3. Relative Location of the Feed-In of the Starting Material

and Flow Pattern

The location where the starting material is introduced is very
important for polymer deposition. The importance of flow pattern with
respect to the location of energy-input and of polymer deposition can be
visualized in an example of glow discharge polymerization in a straight
tube reactor with an external coil placed in the middle portion of the
tube. In such a system, the volume of glow discharge is generally much
larger than the volume of the portion of tube which is directly under
the coil. Consequently, polymer deposition occurs even at the upstream
side of the coil. The flow can best be established by avoiding all

starting materials passing through the energy-input region, as seen in
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the examples shown in I, II and IV of Figure 2. This factor is less
obvious in a system with internal electrodes (e.g., in a bell jar).

1.2.3 Organic Compounds For Glow Discharge Polymerization

As mentioned in the introduction, nearly all organic compounds can
be polymerized by glow discharge polymerization; however, the starting
material should not be considered as the monomer (the starting material
of polymerization in the conventional concept) of a polymerization
process.

Since glow discharge polymerization can be characterized best as
elemental or atomic polymerization, organic compounds can be classified
based on elements contained in organic compounds.

1.2.3.1 Hydrocarbons

Hydrocarbons produce H and H, as the major nonpolymer-forming gas

2

products. Since H and H2 plasmas have little etching effect on polymers

formed by glow discharge polymerization, the process of forming polymer

is least affected by ablation.

Hydrocarbons can be grouped, according to their behavior in glow

discharge polymerization, into thebfollowing three major groups.85’86
Group I. Triple-bond-containing and aromatic compounds.
Group II. Double-bond-containing and cyclic compounds.
Group III. Compounds without above-mentioned structures.

Group I compounds form polymers by utilizing the opening of triple
bonds or aromatic structures with the least evolution of hydrogen.

Group II compounds form polymers via both the opening of double
bonds or cyclic structures and hydrogen abstraction. Production of
hydrogen is considerably higher than Group I compounds.

Group III compounds polymerize primarily by plasma polymerization

based on hydrogen abstraction. Consequently, hydrogen production is
much higher than those for Group II compounds.

Hydrogen production per mole of starting material for typical
hydrocarbons is shown in Figure 10. The discharge power necessary for
glow discharge polymerization of hydrocarbons is also dependent on the
types of compound. The same groupings mentioned above apply.84 Groups
I and II compounds require approximately the same energy input. However,

the dependence on flow rate is nearly zero for Group I compounds, but an
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appreciable increase in the required energy input is observed for Group
I1 compounds for increasing flow. Group III compounds require the
highest energy input and their dependence on flow rate is much greater
than that for Group II compounds (See Figures 7 and 8).

1.2.3.2 Nitrogen-Containing Compounds

Results obtained with various amines and nitriles indicate that N
remains in the polymer (nitrogen does pot evolve as the nonpolymer-
forming product gas.87 This tendency is in accordance with another
trend87 that N2 gas used in a glow discharge is easily incorporated into
either glow discharge polymers or polymers used as substrates.75

1.2.3.3 Fluorine-Containing Compounds

Glow discharge polymerization of fluorine-containing compounds,
particularly of perfluoro compounds, is very sensitive to the conditions
of polymerization. The use of a relatively low discharge power level is
an extremely important factor for obtaining polymers from fluorine-con-
taining compounds. High discharge power causes the detachment of ¥ and
enhances ablation. Consequently, it is often observed that no polymer
is formed when glow discharge polymerization is carried out at a high
discharge power, while the same compound yields polymers at a low dis-
charge power.88 In order to obtain a polymer by glow discharge poly-
merization of fluorine-containing compounds, it is advantageous to use
fluorine-containing compounds which belong to Groups I and II mentioned
above for hydrocarbons,89 and/or to employ techmiques that suppress the
etching effect of the detached fluorine (plasma), such as the addition
of a small amount of H271 or hydrogen-producing compounds,90 and use of

pulsed or intermittent discharges.89

1.2.3.4 Oxygen-Containing Compounds

Oxygen is another of two elements (i.e., F and 0) which tend to be
evolved from either the starting material or substrate material, causing
significant ablation of organic materials. Consequently, oxygen-contain-
ing compounds are generally poor starting materials for glow discharge
polymerization. The deposition rate of polymers is generally much
smaller than that of nonoxygen-containing compounds of similar molecular
weight.76 When oxygen is incorporated in chemical structures mentioned
in Groups I and II for hydrocarbons (i.e., easily polymerizable struc-

tures), glow discharge polymerization pfoceeds with ease.sg’60 An
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example of such a compound is furan where oxygen is incorporated in the
ring.

1.2.3.5 Si-Containing Compounds

Si is one of the elements which has a high tendency to stay in the
solid phase; therefore, glow discharge polymerization of Si-containing
compounds such as silanes and siloxanes, proceed extremely we11.49’50’60
This togehter with the additional factors of relatively high molecular
weight and relatively high vapor pressure of silicone-containing com-
pounds, leads to the deposition rate obtainable from silicone-containing
compounds being perhaps the highest among a variety of starting materials.éo

1.2.3.6 Compounds Containing Other Elements

Although not enough data are available to judge behavior of compounds
that contain other elements in glow discharge polymerization, a simple
rule of thumb may be drawn from the CAP scheme of glow discharge polymer-
ization. Elements which are reactive and exist in the gas phase in the
normal temperature range favor the ablation process and do not contribute
to polymer formation. However, it is possible that many unusual elemets
which are not incorporated in conventional polymers could be incorporated
into thin films formed by glow discharge polymerization.

1.2.4 Dependence of Glow Discharge Polymerization On

Processing Factors

In glow discharge polymerization as a means of thin film formation,
the following aspects and their dependence upon the operational or
processing factors seem to be of utmost practical importance. As men-
tioned earlier, however, many operational factors affect glow discharge
polymerization in a complexly interrelated manner and none of the factors
can be singled out as being an independent variable or the most important
factor of the process. It should also be kept in mind that glow discharge
polymerization is system dependent, and consequently the trends or
conclusion based on data obtained in a particular system may not be
extended to another system.

1.2.4.1 Rate of Polymer Deposition

In the practical semnse, the rate at which a polymer deposits is an
extremely important aspect of the process. The rate of polymer deposi-
tion can be increased by increasing the characteristic rate of polymer
formation (often called polymerization rate), or by increasing the yield

of polymer formation (reducing the amount of starting material that
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leaves the system without being polymerized). Unfortunately the terms
"polymer deposition rate'" and "polymerization rate" are often used
synonymously.

1. Discharge Power

The polymer deposition rate generally increases with discharge
power in more or less linear fashion in a certain range of discharge
power, and reaches a plateau, as shown in Figure 11. Further increase
of discharge power often decreases the polymer deposition rate.

2. TFlow Rate

The polymer deposition rate increases linearly with the flow rate
of a starting material under ideal conditions where the conversion ratio
of starting material to polymer is high or remains at a constant level.
However, the change of flow rate is often associated with changes in
flow pattern (affecting the yield of polymer formation or bypass ratio
of the flow) and/or the efficiency of discharge power input. Therefore,
the apparent dependence of the polymer deposition rate on flow rate is
often characterized by a decrease of the polymer deposition rate after
passing a maximum or a narrow plateau, as shown in Figure 12.

3. W/FM Parameter

As mentioned earlier, the effect of W or F cannot be determined

independently since glow discharge polymerization is dependent on the
combined parameter of W/FM. As long as the W/FM value remains above a
critical level (W/FM)C where energy input is sufficient for polymeriza-
tion, the major effect of increasing the flow rate is to increase the
feed-in rate, which increases the polymer deposition rate. However, if
the W/FM level drops to a certain level as F increases at a constant W,
where the discharge power is not sufficient to polymerize all starting
materials coming into the reaction system, the polymerization mechanism

itself changes. Consequently, the polymer depostion rate decreases

despite the fact that more starting materials are supplied to the reaction

system. The general situation is shown in the schematic diagrams given
in Figure 13.

According to the W/FM parameter, the discharge power W must be
increased as the flow rate of starting materials increases, and/or as

the molecular weight of the starting material increases.
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DEPOSITION RATE

DISCHARGE POWER

Figure 11. Schematic representation of the dependence of polymer deposition
rate on discharge power when a constant flow rate is employed.
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DEPOSITION RATE

FLOW RATE

Figure 12. Schematic representation of the dependence of polymer deposition
rate on flow rate of a starting material when a constant discharge
power is employed.
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1.2.4.2 Distribution of Polymer Deposition

The distribution of polymer deposition is directly related to the
uniformity of the thin film formed by glow discharge polymerization.
Distribution of polymer deposition is dependent on (1) the geometrical
arrangement of inlet of starting material, outlet of the system, and
region of energy input; (2) the operating pressure of the discharge (not
the initial pressure); and (3) the reactivity of a starting material to
form polymers. The effects of these factors on the distribution of
polymer deposition may be visualized from the data shown in Figure
14-19 obtained from an rf (inductively coupled) discharge.gl_93 The
general trends are as follows.

1. The lower the discharge pressure, the wider is the distribution
of polymer deposition. The lower the pressure, the larger is the mean
free path of gas molecules and the diffusional displacement becomes more
efficient. Therefore, the polymer formation is not localized at either
the region of excitation or site of introduction of the starting material.

2. The higher the reacfivity of the starting material (to form
polymer), the narrower is the distribution curve of polymer deposition,
which has the maximum in the vicinity of the starting material inlet.

3. With starting materials that have low reactivity, the maximum
peak is shifted towards the downstream side of the inlet. Consequently,
the minimum (rather than the maximum) in the distribution curve is often
observed at the vicinity of the inlet.

4. Addition of nonpolymer-forming gas (e.g., Ar) tends to narrow
the distribution curve.

The distribution of polymer deposition onto the surface of internal
electrodes is generally very smooth, unless the starting material inlet
is placed too close to the electrodes or too small an electrode gap (in
relation to the mean free path of gases) is employed. The effect of
inlet-outlet locations in a bell-jar-type reactor is shown in Figure
20.94

Regardless of the mode of electric discharge or type of reactor,
the region where glow discharge polymerization occurs is located in the
direct or tortuous pathway of the starting material from the inlet to

the outlet. On this pathway, starting material is consumed to form a
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Distribution of polymer deposition in glow discharge polymeriza-

tion of acetylene at various flow rates. F denotes flow rate in
cm® (STP) /min, and p_ the system pressure in the glow discharge
given in mtorr. The®distance is taken from the point of the
starting material inlet in the direction of flow. See Reference
91 for details of the reactor.
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Figure 15. Distribution of polymer deposition in glow discharge polymerization
of acetylene with the addition of a carrier gas. H2/Ac, Argon/Ac,
and N,/Ac devote the mole ratios of carrier gas to “acetylene. The
flow "rate of acetylene is maintained constant in all cases. Other
notation and units are the same as those in Figure 14.
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Figure 16. Distribution of polymer deposition in the glow discharge polymeriza-
tion of ethylene. All notation and units are the same as those
in Figure 14. Ethylene is a less reactive material than acetylene,
as far as glow discharge polymerization is concerned. The increase
of flow rate yields a maximum of deposition in the downstream side
of the inlet, consequently the apparent minimum is observed near
the inlet.
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The effect of location of the starting material (ethylene) inlet
on the distribution of polymer deposition. The location of the
inlet is shown in the insert. The flow rate of ethylene is
maintained constant (F = 9.8 cm3(STP)/min) in all cases.
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Figure 18. The effect of flow passing through the rf coil (energy input region)
on the distribution of polymer deposition in glow discharge poly-
merization of ethylene. F = 9.8 cm3 (STP) /min for both cases.
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Figure 19. The effect of direction of flow in relation to the rf coil (energy
input region) on the distribution of polymer deposition in glow
discharge polymerization of ethylene. All other conditions are
maintained constant for both cases.
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Figure 20. Effect of relative location of starting material inlet, outlet,
and electrodes on the distribution of polymer deposition onto
electrode surfaces. See reference 94 for details of conditioms.
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polymer, and simultaneously the gas phase changes from the starting
material to the gas product as polymerization proceeds. Therefore, an
uneven distribution always exists if the polymer is collected on a
stationary substrate surface. A moving substrate will average out this
iﬁherent, uneven distribution of polymer deposition, and provides a
practical means of yielding a uniform coating.

The distribution of polymer deposition should be taken into consider-
ation when the polymer formation is monitored at a fixed location. The
shift of the distribution curve due to changes in operational factors
could be misinterpreted as a change in the polymer deposition rate
itself.

1.3 Properties of Polymers Formed by Glow Discharge Polymerization

1.3.1 Dependence of Polymer Properties on Conditions of

Glow Discharge

Since glow discharge polymerization is system dependent, the pro-
perties of polymers formed by glow discharge polymerization are also
dependent on the conditions of the process. The properties of polymers
are dependent not only on the kind of reactor used but also on the
location within a reactor where polymer deposition occurs.

The diagrams presented in Figure 2195 show what kinds of polymers
are formed from a given starting material, depending upon the apparent
operational factors described. Because the strict meaning of parameters,
such as flow rate, pressure, etc., depends on the geometrical factors of
a reactor and the type of starting material, generalization of trends
should not be made from such a diagram. However, it clearly shows the
important fact that the properties of polymers formed by glow discharge
polymerization are entirely dependent on how the polymerization is
carried out.

Analysis of polymers collected in different sections of a system,
and of polymers formed by different electric discharges, also shows
considerable differences in their properties.%’97

A study of the properties of polymers formed from tetrafluoroethylene
by glow discharge polymerization investigated by Electron Spectroscopy
for Chemical Analysis (ESCA)98 provides further evidence of the importance

of processing factors. Tetrafluoroethylene is an ideal starting material




Pressure (torr

41

5 I T T T T | I
\
\
Unstable \ Oily Film
4 Discharge \
s \ —
\
\ \\
N \
N \
b \
. Ly
3 + N P\ -
N o FILM
N ;o\
~o 7
\A/
-
2 r \\ /// N -
\
\\‘ ’////\
\ 100W Rigid Film
1L POWDER Sow __
AND FiLM
0 1 | 1 1 | | ]
0 10 20 30 40 50 60 70
Ethylene Flow Rate (STP cm3/min)
Figure 21. An example of the dependence of the type of polymer formed

on the apparent operational factors of power, pressure, and
flow rate.

80




42

to illustrate the CAP scheme of glow discharge polymerization. Therefore,
some results are shown in Figures 22-24.

The ESCA Cls spectrum of conventionally prepared polytetrafluoro-
ethylene shows a single intense peak at 292 eV corresponding to the -
CFZ- carbon bond. The peaks at binding energy levels of less than 291
eV represent the presence of cross-links (>CF-, <Cf<) and carbons bonded
to other substituents, including nitrogen- and oxygen-containing groups.

Characteristic shapes of the Cls peaks shown in Figure 22 indicate
that polymers that are fomed at locations in the upstream side and in
the downstream side of the rf coil are quite different when a relatively
low discharge power is used. The polymer formed in the upstream side
contains considerable amounts of CF3 and CF besides the expected CFZ'
This is undoubtedly due to the elemental or atomic nature of glow dis-
charge polymerization rather than conventional molecular polymerization.

The polymer formed in the downstream side of the rf coil at this
low discharge power contains much less F (i.e., much smaller peaks for
higher binding energy) and the peak at 284.6 eV becomes the major peak.
This is a dramatic display of the effect of the energy input zone (i.e.,
tube directly under rf coil) on the properties of glow discharge polymers.
As the discharge power is increased, this severe effect of the energy
input zone expands eventually to the entire length of the tube and at a
high discharge power, the polymer formed in the upstream side of the rf
coil becomes similar to the polymer formed in the downstream side, as
seen in Figure 23.

When a system in which the flow does not pass through the energy
input zone and glow discharge polymerization is carried out in the
tail-flame portion of the glow discharge, the polymer formed at the
downstream end of a reactor is not necessarily the same as that formed
in the downstream end of a straight tube. Results given in Figure 24
show that the polymer formed in the nonglow region, although it is
located at the downstream end of a reactor, is nearly identical to the
conventional polytetrafluoroethylene. This means that polymers formed

under such conditions are formed mainly by plasma-induced polymerization.

As mentioned earlier, tetrafluoroethylene is a special starting

material which reflects the effects of operational factors in a very
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Dependence of the ESCA Cls peaks of glow discharge polymers of
tetrafluoroethylene on discharge conditions and the location of
polymer deposition. Polymer deposit occurred at two locations
(a) before the rf_coil, and (b) after rf coil. Discharge power
level is 1.9 x 107 Joules/kg.
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Figure 23. ESCA Cls peaks of glow discharge polymers of tetrafluoroethylene
in the same reactor shown in Figure 22, but at the higher dis-
charge power level of 7.7 x 108 Joules/kg.
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Figure 24. ESCA Cls peaks of glow discharge polymers of tetrafluoroethylene
prepared in a reactor shown in the insert: (c) at the end of the
glow region, and (d) at the end of the tube in the nonglow region.
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sensitive manner. Therefore, some effects (e.g., the increase of abla-
tion by the increase of discharge power and by the location within a
reactor) might be much smaller with other starting materials. However,
the important aspects of (1) elemental or atomic polymerization and (2)
system dependent polymerization, would be undoubtedly applicable to many
other starting materials. These effects should be taken into consider-
ation in designing the reactor, during processing, and in interpretation
of results.

1.3.2 Characteristics of Glow Discharge Polymerization

In order to understand the characteristic feature of glow discharge
polymers and in particular, with respect to the conventional polymers,
it seems necessary to compare the mechanisms or principles of polymer
formation in glow discharge polymerization and in the conventional
(molecular) polymerization. Some important aspecfs which are essential
in proper understanding of glow discharge polymerization are discussed
in the following sections.

1.3.2.1 Molecular Polymerization Vs. Atomic Polymerization

Atomic polymerization is the principal element of the CAP mechanism
but a similar result may be expected if one conceives of a polymerizable
precursor. The formation of polymers from organic compounds, which do
not polymerize under normal conditions, may be postulated by assuming
that polymerizable precursors are formed in the plasma-state and form
polymers by conventional polymerization mechanisms. For instance, the
slower polymer deposition from ethylene compared to that from acetylene
has been attributed to the slower process of forming acetylene, which is
assumed to be the precursor of glow discharge polymerization.99 According
to this concept, saturated hydrocarbons, such as methane and ethane,
will polymerize via plasma synthesis of acetylene and subsequent (mole-
cular) polymerization. The frequently disputed subject of vapor phase
polymerization versus surface polymerization is discussed in the context
of précursor concept (although it is usually not mentioned explicitly)
because one cannot explain the polymerization of saturated hydrocarbon,
such as CH4, without assuming such a precursor.

There is no clear-cut answer to whether atomic polymerization

theory or precursor theory better explains the actual process of polymer
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\ formation in glow discharge because there is no direct evidence to prove
or disprove either. All experimental data in glow discharge polymeriza-
tion can be interpreted only as circumstantial evidence so far as the
mechanism of polymer formation is concerned. Therefore, the following
discussion, presented to support the concept of atomic polymerization,
is not intended to disprove any other concept but is intended to present
a new way of recognizing glow discharge polymerization. The most impor-
tant point is that any theory must cover all possible cases and must
satisfactorily explain not only one aspect of glow discharge polymeriza-
tion, e.g., polymer deposition rate, but all other aspects, e.g., dis-
tribution of polymer deposition and change of polymer properties associ-
ated with the distribution, in a consistent manner.

The following arguments used to support the concept of atomic
polymerization are not necessarily consistent with others presented in
the literature. This can be attributed to the fact that glow discharge
polymerization is highly system-dependent, and the definition and expres~
sion of experimental conditions have been rather ambiguous. For instance,
glow discharge polymerization has been customarily carried out under
arbitrarily chosen experimental conditions, such as with a fixed discharge
wattage and at a fixed flow rate, but a satisfactory comparison of the
glow discharge polymerization of two different monomers cannot be made
in such a manner. Because the minimum discharge wattage necessary té

} effect the glow discharge polymerization of a given monomer, e.g.,
ethylene, can differ greatly from that for another, e.g., n-hexane, it
becomes immediately obvious that a comparison of these two monomers
cannot be made at a fixed discharge wattage. The data used in the
following discussion are based on the conditions of glow discharge

polymerization described in detail by Yasuda and Hirotsu.100

1.3.2.2 Correlation Between Polymer Deposition Rate and Chemical

Structure of Monomer

When polymer deposition rates are compared for various pairs of
monomers, which have similar chemical structures with and without vinyl
double bonds, the difference between those with olefinic vinyl double
bonds and those without is very small85 as shown in Table II. Further-

more, the differences among various kinds of monomers are surprisingly
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small. In other words, nearly all hydrocarbon monomers polymerize at
rates that vary only within an order of magnitude. These two aspects
indicate that no specific structure (necessary for the precursor theory)
is needed for the glow discharge polymerization of organic compounds.

The dependence of polymer deposition rates on the molecular weight
of monomers is another important aspect. For instance, if one takes a
homologous series of saturated hydrocarbons, the probability of their
forming precursor structures, e.g., acetylene, decreases rapidly as the
number of carbons increases, whereas the number of hydrogen molecules
evolved during glow discharge polymerization increases monotonously with
the number of carbons86 as shown in Figure 10. This indicates that
every hydrogen atom has an equal probability for hydrogen abstraction.
Therefore, if a precursor is formed first, the polymer deposition rate
should decrease with an increase in the number of carbons in a hydrocar-
bon molecule. Contrary to this expectation, the polymer deposition rate
increases with the molecular weight of the monomer76 as shown in Figure
25. These correlations are in accordance with the atomic polymerization
mechanism.

Characteristics of atomic polymerization are directly seen in the
incorporation of gases or vapors, such as N2, CO, and HZO’ by polymers
formed in glow discharge, when these gases or vapors are mixed with the
vapor of an organic compound.77

If the basic step of forming a polymer is molecular polymerization
of the precursor species created in a plasma, the incorporation of such
gases or vapors cannot be explained. This gas incorporation in glow
discharge polymerization is also an indication of the atomic nature of
the polymer formation process, i.e., gases and vapors provide atoms but
are not incorated as molecules.

1.3.2.3 Trapped Free-Radicals In Polymers

One of the most significant features of glow discharge poljmerization
is that large amounté of free-radicals are trapped in the polymer.lql’102
Although the amounts of trapped free-radicals vary with the types of
monomers and conditions of glow discharge polymerization, it is safe to
consider that glow discharge polymers contain trapped free radicals. An

explanation of how these free radicals are formed could provide important
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information for how polymeric materials are formed in the glow discharge
of organic compounds.

Obviously, molecular polymerization, e.g., free radical polymeriza-
tion of vinyl monomers, does not yield polymers with trapped free-
radicals. Therefore, if one considers molecular polymerization of
precursors as the main polymer forming mechanism, it is necessary to
take into account separate mechanisms for creating free radicals in
polymers. An easily conceived mechanism is free radical formation by
radiation, because glow discharge can be considered as a kind of radiation
process. There are many energetic species, such as electrons, ioms,
excited molecules, free radicals and photons, in glow discharge, conse-
quently such a hypothesis is not at all unreasonable. Therefore, the
trapping of free radicals in a glow discharge polymer as a function of
the chemical structure of monomers should be examined.

First, there is a definite correlation between the spin concentration
measured by ESR and the chemical structure of monomers. Glow discharge
polymers of monomers that contain triple bond, aromatic, and hetearomatic
rings and -C=N produce the highest level of free spins. Hydrocarbons
can be grouped into three major types based upon their behavior in glow
discharge polymerization. These can be tentatively referred to as Group
I, ITI, and III monomers . Group I monomers are those mentioned above.

They polymerize with evolution of the least amount of hydrogen and

contain the highest level of free spins among polymers. Group II monomers
are compounds containing an olefimic double bond and/or a cyclic structure.
Group III monomers are saturated compounds, which do not contain the
structures mentioned in Groups I and II. Group III monomers polymerize
with evolution of the highest level of hydrogen and contain the least
amount of free spins. Group II monomers lie in between these two extremes,
i.e., they evolve a moderate amount of hydrogen and exhibit an inter-
mediate level of free spin concentration.

Because the energy level of the electrons and ions are much lower
compared to those involved in other radiation processes, such as in
Yy-rays and high energy electron beams, it is thought that these energetic
species have no penetrating power. This agrees with the ESR data obtained

with glow discharge polymers applied to glass substrates.101 The free
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spin concentration of the samples can be further divided into the free
spin concentration in the glow discharge polymers and in the substrate
glass tubes. |

The free-spin concentration in the glass can be attributed to
ultraviolet irradiation in the glow discharge polymerization system. If
trapped free-radicals are formed by the irradiation of the formed polymer
by molecular polymerization of the plasma synthesized precursor and,
consequently, imparting no free-radicals in the polymer, the level of
ultraviolet irradiation manifested by the free- spin concentration in
the glass should be proportional to the free-spin concentration in glow
discharge polymer. In other words, the highest free spins in glass
should be obtained by the glow discharge polymerization of Group I
monomers.. Contrary to this expectation, the highest level of ultraviolet
emission is associated with Group III monomers, which yield the least
amount of free spins in the polymer as shown in Table III. This trend
is in accord with the intensity of the glow observed in the glow discharge
polymerization of monomers. Specifically, the glow observed for Group I
is very weak, whereas the one observed for Group III is the most intense.
In other words, the level of ultraviolet emission is proportional to the
evolution of hydrogen in the glow discharge polymerization system.
Consequently, the hypothesis that trapped free radicals are formed by
irradiating polymers does not explain the forming of trapped free-
radicals in glow discharge polymers. Thus, the precursor theory cannot
explain the presence of large amounts of free-radicals in glow discharge
polymers. That means that a radically new approach is needed to explain
the formation of polymers in glow discharge.

1.3.2.4 Sputter-Coating Vs. Glow Discharge Polymerization

The atomic polymerization so far discussed can be characterized by
the fact that a monomer used in glow discharge polymerization provides a
source of elements but does not act as a monomer in a molecular sense.
Similar phenomena can be seen in the sputtering of metals. Therefore,
it may be worth comparing the sputtering process with the glow discharge
polymerization of organic compounds.

The sputtering of metal is usually conducted by d.c. glow discharge

of argon and using the target metal as a cathode. The accelerated
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ions hit the target metal on the cathode and transfer the energy to the
target atoms. The atoms, which receive energy from the impinging ions,
shake up the structure and strike neighboring atoms. This energy trans- -
ferring process ends up with some atoms leaving the solid phase and
sputtering away into the gas phase. If a substrate material is placed

in the gas phase, the sputtered material is deposited onto the substrate.
This is one of the methods used to metallize polymer surfaces. Because
the shake-up process occurs at the level of the atoms, alloys, such as
stainless steel, can be used for sputter-coating, whereas metallization
by evaporation cannot be used for alloys.

Glow discharge polymerization has many aspects in common with
sputter-coating. Both processes are initiated by ionization of a gas (or
vapors as in glow discharge polymerization). The major differences are
the location of target material and the substrate. In the sputter-
coating process, the target material is the cathode surface, and the
substrate for coating is placed outside of the glow discharge. To avoid
the effects of plasma, special efforts are often made to contain the
glow discharge. For example, in a magnetron discharge, the superimposed
mégnetic field is used in the glow discharge polymerization, the target
material is the monomer in a vapor phase, and the substrate is placed
inside the glow discharge. The ionization process or collision of ions
or electrons with molecules of the monomer "sputters" the fragments of
the monomer molecules and deposits them on the substrate. Therefore, it
may be assumed that both sputter-coating and glow discharge polymerization
are atomic processes.

One of the unique characteristics of polymers formed by glow dis-
charge polymerization is their strong tendency to exhibit internal
(expansive) stress in the polymer layer during the process of deposition.
When a thin layer of glow discharge polymer is deposited on a thin
polymer film, the coated film tends to curl as a result of the internal
stress in the coating. By knowing the thickness of both layers and the
Young's modulus of the substrate film, the curling force and the internal
stress can be calculated from the radius of the curled sample.103

Typical cases are shown in Figure 26 and Table IV.




55

0 :|__m|ol.__malm dUBXO[ISIp[AYyjawea}a ],
| °N N
oL ...

0 AINI HO QUI[0ZBXO[AYISA-G
0T X 8°¢ HO==H) aua[f1a0y
0T X €% auaik)g

HO=="HD
0O
0T X 0°L A/ w uean
0L X €F N=)—H)="HD 9[IITUO[AIDY
01 X G'G N aUIpLIA]
\ 7

. S

0T X L°C \ ) auaydoryg,
LW /sauAp ‘o aInjonajs ISWOUON

*(a19omod MQg pue sinssoid 1swououw 84 uwr Qg

fSUOTITPUOD UOTIDEDL {V (QQQY = SSOURDTYI) IswhJod ewse[d IO SS9iJ§ TRUISIUT °AT OS[qe]L
-]




56

-
@)
PYRIDINE
A7
30,000 }
ACRYLONITRILE
@) A
a— A
£
¥
)
=
>
T 20,000 } /
“ / THIOPHENE
o
o
[T
O
Z
2 / /
[0
S
(S
10,000 |
(m)
A /0O
TMDSiO
e t——— ' e — |
5,000 10,000
THICKNESS, A

Figure 26. Curling force Gsd, which is the product of cthe internal stress
(0 ) and the thickness (d) of the plasma-deposited layer, is
plgtted vs d. The three curves correspond to layers obtained
by plasma polymerization of the indicated monomers.
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This high level of internal stress sometimes causes self-distinction
of the coating when too thick a layer is deposited. An important aspect
is that the build-up of internal stress, manifested by the curling of
the coated substrate, occurs during the process of polymer deposition.
This aspect, therefore, should be directly related to the mechanism of
polymer formation. Another possible cause of the internal stress is the
absorption of oxygen by trapped free-radicals and subsequent absorption
of water vapor by the oxygen containing functions. These two phenomena,
which occur in general cases, will cause expansion or swelling of the
polymer deposit. However, it has been found that there is no direct
correlation between the free spin concentration observed in ESR and the
reported internal stress. This indicates that the major portion of the
build-up of internal stress occurs during the process of polymer deposi-
tion. This aspect is very similar to the stress build-up that takes
place during the deposition of sputtered metal, thus indicating that the
mechanisms is alike in both cases.

Polymers formed by glow discharge polymerization have much greater
densities than coresponding conventional polymers.104 For instance, the
density of the glow discharge polymer of ethylene was found to be as
high as 1.3, but the polymer has no crystallinity. The presence of high
density and high expansive internal stress in the absence of crystallinity
can be explained by the continuous impinging process in atomic polymeri-
zation, whereas the molecular polymerization mechanism offers no such
reasonable explanation.

1.3.2.5 Structural Difference of Monomer and Polymer

The aspect of atomic polymerization can be clearly seen in the
molecular structural difference of monomers and polymers, but with the
glow discharge polymers of hydrocarbons, without appropriate analytical
tools, it is difficult to demonstrate the difference in a (semi) quanti-
tative manner, although such tests as elemental and infrared spectra
analyses generally show that glow discharge polymers are quite different
from corresponding conventional polymers. Specific analysis is hampered
by the characteristic insolubility of most glow discharge polymers.
However, the use of Electron Spectroscopy for Chemical Analysis (ESCA)

to study the glow discharge polymers of perfluorocarbons provides a
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unique opportunity to overcome these difficulties. The results of ESCA

studies of glow discharge polymers of tetrafluoroethylene, CF =CF2, are

reviewed below in view of atomic polymerization. ’
Because of the strong electron negativity of fluorine atoms, the
binding energy of the core level electron of carbon is shifted enough so
that the amount of shift can be measured by the ESCA ClS spectrum.
Consequently, ESCA can distinguish carbons that have one, two, or three
fluorine atoms attached. Conventional polytetrafluoroethylene (Teflon)
shows a singlet ClS peak, which corresponds to -CFZ- at 291.5 e.v. This
peak is shifted from the ClS peak of normal carbons (bound to H or C) at
284.5 e.v.
If a polymer is formed by plasma-induced polymerization in a glow
discharge, the ClS peak should be a singlet at 291.5 e.v. as it is in
the case of polytetrafluoroethylene. If a polymer is formed via a
triple bond containing a precursor as it is proposed for the glow discharge
polymerization of hydrocarbons, the Cls peak should be at a lower binding
energy level (289 e.v.) than that for -CF,-, because the formation of
such a structure requies the abstraction of two fluorine atoms from two
adjacent carbons to yield polymers with less fluorines. In the most
typical cases, however, the ClS peak of the glow discharge polymer of
tetrafluoroethylene contains a considerable amount of —CF3, -CFz-, and

intermediate peaks in between -CF,- and C as shown in Figure 22. This

strongly indicates that polymers gre formed by neither molecular poly-
merization of the monomer nor (molecular) polymerization of the plasma-
synthesized precursor. This situation is exactly what is to be expected
of the atomic polymerization mechanism described earlier for plasma-state
polymerization. (Namely M* can be a fragement of a molecule including a
single atom).

Other evidence, which supports the concept of atomic polymerization,
may be seen under certain conditions in the codeposition of aluminum
(used as a substrate) in the glow discharge polymer of tetrafluoroethylene.
When an excessive discharge power is used for the glow discharge poly-
merization of tetrafluoroethylene, the fluorine detachment and the

consequent ablation prevail in the polymer formation. Under such a

condition, the ESCA ClS peak indicates very little -CF3, -CFZ-, and the

¢
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major peak becomes a broadened peak around 285.5 e.v. When this happens,
the polymer deposition rate decreases drastically, and the ESCA spectrum
shows the presence of Al as shown in Figure 27. The ESCA Al 2S peak
observed in this case is not identical to that of the Al foil used as

the substrate, and the FlS peak also shows a conspicuous doublet, indi-
cating that aluminum fluoride is formed and co-deposited in the glow
discharge polymer.

1.3.2.6 Significance of Glow Discharge Polymerization

Atomic polymerization is not polymerization in the conventional
sense, because the molecular structure of the monomers is not retained in
the polymer. For instance, the glow discharge polymers of acetylene and
beﬁzene are very much alike. Their copolymerization characteristics are
nearly identical. When N2 and HZO are added to benzene or acetylene,
considering that one molecule of benzene is equivalent to three molecules
of acetylene in glow discharge polymerization, nearly identical polymers
are formed.105 Yet, neither the glow discharge polymer of acetylene or
benzene is quite the same as the glow discharge polymer of either methane
or ethane. Therefore, the chemical structures of the monomers do play
an important role in glow discharge polymerization, although the original
structures or their derivatives may not be retained in the polymer
structures. In this sense, absolute atomic polymerization can be seen
in carbon films deposited from hydrocarbons when subjected to glow
discharge. As shown in Figure 1, the overall glow discharge polymeriza-
tion generally occurs by simultaneous atomic and molecular polymeriza-
tions.

If one accepts the concept of atomic polymerization as a mechanism
of polymer formation in the glow discharge of organic compounds, little
difference can be seen between the glow discharge polymerization and
glow discharge deposition of inorganic materials, such as carbon, SNx
and Si. Thus, the true significance of glow discharge polymerization
will be found in the preparation of entirely new materials, particularly
hybrids of organic and inorganic materials rather than a method of
polymerization in the conventional sense, which yields ill-defined

polymers.
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2.0 Report for December 1978 November 1979

2.1 Introduction

The tasks for the final year of the contract were:

1) to modify the surface of polyvinylchloride tubing with glow
discharge techniques alone or with glow discharge polymerization of
tetramethyldisiloxane and to characterize the effects of these treatments
on surface morphology and on the leaching of substrate components into
water or saline under flexing and non-flexing conditions.

2) to establish the reproducibility of thickness, chemical composi-
tion and morphology of several replicate samples of tetramethyldisiloxane
plasma polymer and submit samples coated in this manner for biological
testing by NHLBI contractors. A similar program was carried out for
TFE-2 plasma polymers. The latter utilizes tetrafluoroethylene monomer
and is deposited under relatively high power conditions which result in
a relatively fluorine-poor plasma polymer.

3) the effect of aging on the chemical composition of a plasma-
polymerized tetramethyl disiloxane surface were studied.

The first task was carried out at the Research Triangle Institute
while the second and third were undertaken by both the Research Triangle
Institute and the University of Missouri-Rolla. The latter institution
prepared samples for biological testing, and carried out studies of
reproducibility of both TFE and TMDSiO plasma polymers, as well as an
accelerated aging study of the latter. Because of RTI's access to
infrared and ESCA spectra of better quality, the reproducibility of the
chemical nature of tetramethyl disiloxane plasma polymer and the effect
of aging on the latter were studied there as well.

In the following, results obtained at the two institutions will be
presented separately, while the conclusions section draws on both sets of

results.
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2.2 Research Triangle Institute Studies of Barrier Properties,

Reproducibility and Effect of Aging

2.2.1 Infrared Absorption Characterization of Tetramethyldi-

siloxane Glow Discharge Polymers to Established Repro-

ducibility of Glow Discharge Polymerization and to

Detect Aging Effects

The goals of the FTIR characterization of tetramethyldisiloxane
(TDMSiO) glow discharge polymers are:

1. to define the differences in chemical character, if any, of
glow discharge polymer made by various preparative techniques
at RTI.

2. to provide information regarding reproducibility of the TMDSiO
glow discharge.

3. to demonstrate the effects of time on the chemical character
of the TMDSiO glow discharge polymer.

Items 1 and 2 are linked because a logical way to demonstrate
reprodubility in an IR spectrum is to determine that certain peak ratios,
which are extremely sensitive to preparative techniques, remain invariant
when a given preparative method is reproduced.

FTIR~spectra have been obtained using the attenuated total reflec-
tion technique (ATR) for thin films (~ 1000 X thickness). Films were
deposited on poly(vinylchloride) tubing or sheeting and spectra obtained
by pressing the coated side of the poly(vinyl chloride) against the
internal reflection element (IRE) used in ATR. Alternatively, the glow
discharge polymer film was deposited directly on the internal reflection
element (IRE).

The infrared absorption spectra previously available to us from
conventional instruments have typically shown broad absorption peaks and
have therefore contained limited information. This has been true regard-
less of whether the ATR technique or the usual transmittance methods
were used. Such spectra are seen in the first and second annual reports
for this contract (NO1-HB-3-2913-1 and NO1-HB-3-2913-2). The spectra
obtained using ATR and FTIR during this reporting year show sharp well-
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defined peaks and therefore contain more information regarding the
chemical content of the plasma polymers than previously available to us.
They may be contrasted with the spectra obtained at the University of
Missouri-Rolla using a conventional spectrometer (See Fig. 52), which
are more typical of the quality of spectra attainable heretofore. In
addition, the spectra at RTI are taken on plasma polymer films identical
to those deposited on poly(vinylchloride) substrates, i.e., about 1000

K thick and deposited on smooth surfaces, either the IRE or the poly(vinyl-
chloride) itself. By contrast, any plasma polymer film used in conven-
tional transmission measurements must either be much thicker than 1000

Z (if deposited on a NaCl plate) and/or deposited on a surface of very
high area (if deposited on NaCl powder and pressed into a pellet as done
at the University of Missouri-Rolla).

2.2.1.1 Experimental

FTIR spectra were obtained using the ATR technique and a Nicolet

model 7199 infrared spectrometer. Internal reflection elements made of

KRS-5 (thallium bromo iodide) were employed with an aperture angle of

45° for the glow discharge polymer deposited directly on the IRE, of 60°
for plasma polymer deposited on polyvinylchloride. Single beam ATR
spectra of glow-discharge polymer on PVC were ratioed against the single
beam ATR spectrum for a PVC blank. This procedure is equivalent to
running glow discharge polymer on PVC (ATR mode) in the sample beam and
a PVC blank (ATR mode) i%,the reference beam in a conventional spectro-
meter. The resultant absorption spectrum (Figure 28) would contain
positive peaks for the glow discharge polymer and negative peaks for the
PVC substrate (the sample beam sees less PVC than the reference beam).
An absorption spectrum for PVC, multiplied by a factor, FCR, is added to
spectrum 1 to eliminate the PVC negative peaks. The process is illus-
trated in Figure 28.

Single beam ATR spectra were obtained using 2500 scans and required
60-75 minutes per single-beam spectrum. '

2.2.1.2 Results

TMDSiO glow discharge polymer was prepared at RTI by three prepara-
tive techniques. These are listed in Table V. The TMDSiO was obtained

from PCR research chemicals in Gainesville, Florida and was used
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as received. The FTIR absorbance spectra obtained using techniques 1
and 2 are shown in Figure 29 for deposition directly on a KRS-5 internal
reflection element and in Figure 30 for all three techniques with glow
discharge polymer deposited on poly(vinyl chloride).

The assignments made for the various peaks observed in the absorp-
tion spectrum of tetramethyl disiloxane glow discharge polymer are given
in Table VI. The shape and location of the v S Si-0-Si peak at about

1030 cm ! is indicative of type of -Si-0-Si- chain, 113

For linear long
chain siloxanes with three or more silicon atoms per run the band is
clearly split into two components. In unstrained siloxanes the single
peak is at 1060-1090 cm_l, whereas shifts to longer wavelengths occur in
strained structures such as hexamethyl cyclotrisiloxane and other cyclic
siloxanes. The single peak at 1030 cm_1 therefore indicates the lack of
long linear segments of the type (Si-O)n. This is reasonable as the
Si/0 ratio in tetramethyl disiloxane is twice that required for long
linear siloxane chains. In addition the position of the peak indicates
a strained Si-0-Si bond.

The most obvious changes in the infrared spectra for various reaction
conditions are in the group of peaks between 950 cm.l and 740 cm—l.
The four peaks that are observed are listed in Table VI. Attempts to
synthesize the observed profiles using a curve analysis program reveal
an additional peak at about 870 cm-l. The peak at 905 cm-1 is attributed
to Si-H bond. The other four peaks at 870, 840, 800 and 770 cm-1 are
attributed to rocking of methyl groups attached to silicon. The number
of methyl groups attached to the silicon atom affects the location of
the rocking band(s). Thus a single methyl group absorbs at 763 cm-l
(weak), two methyls at 855 and 800 cm“l (medium) and three methyls at
840 (strong) and 763 cm-l (weak).los’llz’115

of absorption are taken from Smith's table of infrared spectra structure

The relative intensities

correlations.112 A peak at 770 cm-1 is also attributed to the asymmetric
Si-C-Si stretch in SiCHZSi. This group should also yield a strong peak
in the 1000 cm-1 - 1100 cm-1 region and a weak peak at 1350 cm-l.
However the peak at 1000 - 1100 cm-l can be swamped by the Si-0-Si peak in
the same region.115 Notwithstanding the above correlations, tetramethyl-
disiloxane in the liquid phase is observed to have three peaks at 880

cm-'1 (very strong, pCH3), 832 (strong, pCH3) and 770 (strong, paSSiCHZ)llO
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Table VI. Assignment of IR Absorbance Bands for Tetramethylsiloxane Glow
Discharge Polymer.

Ban . Intensity in Plasma
(em 1) Assignment Reference Polymer Spectrum
3680 v OH 106 Absent
2960, v CH 107 Medium
2870
2140 v SiH 108 Medium
1715 v C=0 107 Weak
1625 v C=C in Si-C=C 109 Weak
1460 6S CHZ’ GaSCH3(SiCH2CH3) sci 107,115 Weak
1410 &  CH,(S-CH,) 2 110,115 Weak

as 3 3 .
(Sl-CH2
1385 6 CH,(Si~-CH,-CH,) | 115 Weak
s 3 2 73 CH
1355 GCHZ(Si-CHz-Si) | 2 111,112,115 Weak
Si)
1250 GSCH3(Si-CH3) 108 Strong, sharp
1030 Vas Si-0-8i 113 Strong
wCHz[Si(CHz)n81]

905 p SiH 110,112 Strong, sharp

840 p Si(CH3)3 112 Strong, sharp

800 p Si(CH3)2 112 Strong, sharp

(also at 860)
770 p Si(CH3)3 + SiCH3 112 Strong, sharp
Si(CHz)—Si
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(See Figure 31). The correlations are more faithfully followed for
linear methyl oligo- siloxanes114 and polydimethylsiloxane,111 both with
very intense peaks at 800 cm-l.

The group of peaks between 1460 and 1355 cm_1 can be attributed to
a variety of methylene and methyl groups including Si-CHS, Si-CHZ-CH§l
and Si-CHZ-Si as indicated in Table VI. The Si-H stretch at 2150 cm
has been shown to be sensitive to the inductive power of other groups
on the silicon atom, the more electron withdrawing groups causing
shifts to higher frequencies.116 It should also be noted that the Si-
Si vibration is usually inactive in the infrared.112

Peak area ratios were used to ascertain the reproducibility of
procedure 2 in Table V as well as the effect of aging for procedure 1
and 2.

2.2.1.2.1 Reproducibility of Chemical Nature of Glow Discharge

Polymer by IR

Spectra obtained for four replicate depositions of tetramethyldi-
siloxane glow discharge polymer by means of the procedure 2 (narrow
tube reactor, stationary coil, see Table V) are shown in Figure 32. In
all of these experiments a poly(vinyl chloride) tube was located in the
center of the narrow tube reactdr (see Figure 45), so the results
reflect the chemical nature of the glow discharge polymer deposited on
PVC tubing and used in the leaching studies described in Section 2.2.3
For spectra a-c, a 50 x 5 x 2 mm internal reflection element was placed
in the middle of the poly(vinyl chloride) tube. For spectrum a in
Figure 32, the glow discharge polymer was deposited inside the tubing.
A 50 mm long piece of tubing was then cut from the center of the tube
and its inside surface was pressed against a 50 x 10 x 2 mm IRE in
order to obtain an infrared absorption spectrum.

The spectra for plasma polymer deposited on IRE (a-c in Figure 32)
are very similar to those for plasma polymer deposited directly on the
Tygon tubing. The principal differences are in the shape of the peak
at 1720 cm-l, at 1250 cm_1 and in the addition of two new peaks at 695
cm-l and 620 cm-l. The peak at 1720 c:m-1 is a carbonyl peak and is
present in the spectrum of PVC (Tygon tubing) because of dioctylphthalate
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plasticizer (DOP).117

In fact the two strongest peaks in the PVC
spectrum (see Figure 42) are at 1720 cm-1 and 1290 cm_l both attributed
to DOP. In addition both show shifts in going from the neat phase to
association with plasticized PVC.117 It has also been shown that
changes in conformation of the PVC chain will change the location and

intensity of the C-Cl peak at about 690 cm—l.117

Finally intense peaks
are present at 638 and 604 cm—l for crystalline PVC. Thus the changes
noted may be due to changes in the morphology of the PVC near the glow
discharge polymer Tygon tube interface and in the degree of association
of DOP with PVC. An alternative explanation for the peaks at 695 and
620 cm-l is that some chlorine from PVC has been incorporated in the
glow discharge polymer in C-Cl and Si-Cl bonds, respectively.

Peak areas were obtained for the more intense peaks in the spectra
and are presented as ratios with respect to the Si-0-8i peak at
1030 cm_l in Table VII. The peak areas for the peaks at 1030 cm-l,

800, 870, 840 and 770 cm-1 were obtained with the aid of a curve synthe-
sizer program.

The use of the curve synthesizer is illustrated in Figure 33 for
curve ¢ in Figure 32. The upper curve is experimentally observed, the
middle curve is the synthesized curve, and the bottom curves are the
individual components of the synthesized curves. The curve analysis
program allows one to vary line shape (relative amount of Gaussian and
Lorentzian shape) peak location, height and width. It was found that
75% Gaussian shape yielded the best fit to the 1035 cm_l peak and this
shape was used throughout. For the 835, 800 and 770 cm-l peaks the
additional restriction that all three peak widths must be identical was
used in fitting the synthesized profile to the spectrum. Minor peaks
were added after the best possible fit was achieved for the four major
peaks.

The peak area ratios involving methyl groups on Si are plotted in
Figure 34. The results in the last column should be ignored as these
deal with the change in the spectrum obtained on IRE 3 as a function of
time (to be discussed later). The greatest variability in the ratio is

for the peaks at 2900, 1250 and 870 cm-l. The variations in the peak
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Figure 34. Infrared absorbance peak area ratios for replicate preparations

’ of TMDSiO glow discharge polymer by procedure 2 and effect -1
of aging. All peak areas are divided by that of the 1030 cm
peak (Si-0-Si) and are indicative of methyl groups.
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ratio for the 2900 peak on Tygon tubing as opposed to that on the IREs

is undoubtedly related to the fact that a 2900 group of peaks is also
present in the Tygon tube spectrum and small errors in the data process-
ing to remove Tygon peaks from the composite Tygon glow discharge
polymer spectra can lead to large errors in peak area. The variability
amongst the IRE 2900/1030 peak area ratios appears to be related to
signal to noise ratio. The 2900 peak is in the noisiest part of the
spectrum and the peak height ratio appears to be higher for the two
spectra with somewhat poorer signal-noise ratios at 2900 cm—l. The 1250
cm_l peak also shows poor agreement on going from PVC to the IRE spectra.
However the shoulder on the 1250 cm“1 peak for the spectrum on PVC has
already been noted and attributed to DOP in the Tygon tubing. Without
this interference the agreement between peak height ratios, 1250/1030
cm-l for the three IRE's is excellent. The 870 cm»1 peak is the 1last
one to be fitted in the curve synthesis procedure so the poor agreement
for the 870/1030 cm“1 peak'ratios is hardly surprising. The peak
ratios remaining involve the three peaks at 870, 840, 800, and 770 cm-l
which make up a composite peak. Agreement between the four replicate
preparations appear to be affected more by the uncertainty in fitting
peaks to the composite spectra than in chemical differences between the
glow discharge polymers. Thus if one plots the ratio of the sum of the
870, 840, 800 and 770 peak areas to the 1030 cm-1 peak area as seen in
Figure 35, excellent agrement among the replicate preparations is
observed.

Peak area ratios for Si-H peaks divided by the Si-0-Si 1030 cm"1
peak area are shown in Figure 36. Excellent agreement is achieved
between the four replicate preparations.

Mean value and standard deviations for the peak area ratios dis-
cussed are given in Table VIII. The excellent agreement obtained for
the 1250/1030 the [800 + 840 + 770 + 870)/1030], the 905/1030 and
2140/1030 peak area ratios may be noted. The standard deviations for
1

these ratios is 6% or better. The poor agreement for the 870 cm

peaks need be of no concern. The poorer than normal agreement for the




78

Table VIII

Infrared Peak Area Ratios for Replicate Preparations of

Procedure 2 [Ratioed to 1030 cm—l Peak]
Location of Peak (cm—l)

800,

840,

770,

2900 1250 870 800 840 770 870 | 905 2140
For IRE
only 0.16 0.11 0.58 0.18 0.14 0.18 .073 {0.133 0.116

Std. Dev. (%) 16 6 6 9 10 9 34 3 1
For Deposition
on IRE and PVC 0.57 0.175 0.14 0.18 0.053 |0.134 0.113
Std. Dev. (%) 6 9 9 7 22 2 5
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Figure 35. Area of composite (§ZO,840,800 and 770 cm_l) peak divided by
that of the 1030 cm ~ peak (Si0Si) for replicate preparations
(procedure 2) and effect of aging. All peaks in the composite
peak are indicative of methyl groups bonded to silicon (Si-CH3).
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2900 cm-l peak appears to be related to poor signal/noise ratio. For
all other peaks the standard deviation is better than 10%, 40% of which
may be attributed to errors in fitting individual peaks to the composite
peak in the curve synthesis procedure.

Tetramethyldisiloxane glow discharge polymer was also deposited by
means of procedure 1 on a polyvinyl chloride sheet and also on an IRE
in the absence of PVC. The spectra are shown in Figures 29 and 30.
Peak area ratios are given in Table VII and Figures 37-39. Again the
last column in the figure should be ignored as it deals with spectra
obtained after aging. The agreement between the spectra on IRE and on
PVC seems somewhat better than for Tygon tubing. The sheet is less
flexible than the tubing and the infrared spectrum (see Figure 28) for
the PVC sheets shows PVC peaks more prominent with respect to DOP peaks
1 and 1700 cn”

which were noted for procedure 2 are not noted between IRE and PVC

than was the case for Tygon. The differences at 1250 cm_ 1

for procedure 1. As a result there is excellent agreement in the
1250/1030 and composite [(860 + 840 + 800 + 700)/1030] peak height
ratios between PVC and IRE. There is also good agreement between the
2140/1030 peak height ratios but this is not the case for 905/1030 cm—l.
It may be noted that the 905 cm-1 peak is considerably smaller with respect
to its neighbors for procedure 1 than procedure 2 so that the apparent lack
of reproducibility in this case is again related to errors in the curve
synthesis procedure.

The peak height ratios for the two procedures indicate that proce-
dure 1 yields a polymer with a greater concentration of Si(CH3)2 and
Si(CH3)3 but less Si-H and Si(CH3)l. These relative concentrations can

be manipulated by varying power, flow rate and pressure.

2.2.1.2.2 Aging of Tetramethyldisiloxane Glow Discharge Polymer

Two of the IRE's coated with glow discharge polymer (one procedure
1, one procedure 2) were allowed to age under ambient conditions with
repeated analysis by ATR FTIR. The spectra obtained are shown in
Figure 40 and 41. Peak area ratios for the longest aging times available
for each procedure are included in Figures 34-39. For procedure 1 the

most obvious changes by inspection are in the growth of a peak at 1700 cm-1
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Figure 37. Infrared absorbance peak area ratios for replicate preparations
of TMDSiO glow-discharge polymer by procedure 1 and effect,of
aging. All peak areas are divided by that of the 1030 cm
peak (Si-0-Si) and are indicative of methyl groups.
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by that of the 1030 cm ~ peak (Si0Si) for replicate preparation
(procedure 1) and effect of aging. All peaks in the composite
peak are indicative of methyl groups bonded to silicon (Si—CH3).




Figure 39.

INFRARED ABSORBANCE PEAK AREA RATIOS

84

0.15 }
i A 905/1030 -
O 2140/1030
0.10
o O——-—
0.05 }
TMDSIO TMDSIO TMDSIO
ON PVC ON KRS5 ON KRS-5,
SHEET TIME

Infrared absorbance peak area ratios for replicate preparations
of TMDSiO glow-discharge polymer by procedure 1 and effect of
aging. The peaks are indicative of.Si-H groups and peak areas
are divided by that of the 1030 cm = peak (8i~-0-S1i).
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and a decrease in the Si-H peaks at 2140 and 950 cm_l‘ The peak at 1700
cm_l denotes a carbonyl group which is believed to form by reaction of
oxygen with free radicals trapped in the glow discharge polymers. For
procedure 2, the decrease of the Si-H peaks and of the 770 peaks is
noted. Figures 34-39 tell the same story. A decrease in Si-H, Si(CH3)3,
Si(CHB), but a constant Si(CH3) /8i-0-5i ratio is seen.

The broad peak at 3400 cm =~ may indicate the SiOH group. The
Si-0-8i peak at 1030 cm-1 is observed to grow more and more asymmetric
with aging. This may denote that longer Si~0-Si-0-Si runs are forming
in the plasma polymer. Si-H groups may be converted to SiOH groups,
which then react further to form Si-0-Si branches. Thus the polymer

appears to be growing increasingly crosslinked with time.

2.2.1.2.3 FTIR Spectra of Tetramethyldisiloxane Glow Discharge

Polymer Deposited by Moving Coil (Procedure 3)

Deposition of glow discharge polymer using a moving coil is appeal-
ing because there are, in principle, no limits to the length of tubing
that can be coated in this manner. However, there are technical diffi-
culties inherent in this procedure. One of these is that the chemical
nature of glow discharge polymer varies with location. In general the
chemical properties of the polymer will vary as a function of distance
from the coil and on whether one is located upstream or downstream from
the coil. The latter is reasonable for a narrow tube reactor because
the most intense glow is located underneath the coil. Thus all atoms
and ions located downstream from the coil have been subjected to this
intense glow, whereas this is not the case upstream. In addition, the
intense glow may generate some heat leading to changes in the morphology
of the tube surface associated with an increase in temperature. 1In
order to minimize both of these, the power to flow rate ratio was kept
low when this procedure was used.

Tygon tubing was coated with TMDSiO glow discharge polymer by
procedure 3. A piece of tubing was cut from the middle of the tubing
and pressed against an IRE to obtain an FTIR spectrum. When the Tygon
tube was removed, a layer of material adhered to the internal reflection

element. A new spectrum was obtained of the adherent material. This
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is compared to the spectrum for untreated Tygon tubing in Figure 42.
The spectrum for the adherent material is clearly a combination of the
spectra of DOP and TMDSiO glow discharge polymer. Every intense DOP
peak (as listed by Tabb and Koenig)117 appears in the spectrum of
adherent material, either as a separate peak or as a shoulder. The PVC
peaks are completely absent, notably those at 1427 cm_l, 690 cm_l and
(640, 600 cm-l). Thus the deposition of glow discharge polymer by this
method apparently causes DOP plasticizer to exude from the tubing and
to combine with glow discharge polymer at the surface.

The spectrum for TMDSiO glow discharge polymer (procedure 3) on
PVC tubing is also shown in Figure 42. It will be recalled that data
manipulation is required to obtain this spectrum free of PVC-DOP peaks.
It may be noted that there is an indication of peak shift at 1730 cm-l
as noted by Tabb and Koenig for neat versus PVC plasticizing DOP. The
glow discharge polymer contains a higher proportion of Si-H bonds than
that produced by either of the other techniques.

Thus the procedure produced a.polymer that is less fully reacted
than the other polymers without avoiding undesirable heating effects.
One way to avoid or minimize exudation of plasticizer is to crosslink
the surface of the Tygon tubing with an Argon glow discharge using a
stationary coil. This was carried out using a procedure outlined in
the description of leaching studies. Deposition of glow discharge
polymer by procedure 3 was then carried out and a ATR spectrum obtained.
No material adhered to the IRE and the spectrum in Figure 30 was obtained.

2.2.2 ESCA Investigations of Tetramethyldisiloxane Glow

Discharge Polymer

Samples of tetramethyldisiloxane plasma polymer deposited by
procedure 2 (see Table V) were examined by means of ESCA to determine
the reproducibility of the procedure and to see the effect of aging on
the chemical nature of the surface. In order to guage the adhesion of
the glow discharge polymer to the Tygon tubing substrate, an ESCA
examination was made of the inside surface of Tygon tubing coated with

tetramethyldisiloxane glow discharge polymer and subsequently subjected
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to a two hour flex test (see Section 2.2.3). The intensity of the
spectral line for Cl was used as a gauge of the amount of PVC substrate
uncovered during flexing.

The effe