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Effects of Reaction Conditions
on the Structure of Plasma-Polymerized Ethylene

J. M. TIBBITT, A, T. BELL, and M, SHEN

Department of Chemical Engineering
University of California
Berkeley, California 94720

ABSTRACT

Liquid and solid polymeric products were derived from a low-
pressure glow discharge of ethylene. Polymerization pressure,
discharge power, and monomer flow rate were systematically
varied. Products were analyzed by infrared spectroscopy to
determine the concentrations of characteristic functional groups
in each. Polymer form, apparent crosslink density, and deposi-
tion rate were also reported. Structural variations and the form
of the polymerization products can be explained in terms of the
prevailing discharge conditions and the deposition rate, both of
which are functions of the reactor operating parameters, It

was found that the degree of crosslinking in rigid films of plasma
polymerized ethylene is in the range of 6 to 16 chain carbons be-
tween crosslinks.

INTRODUCTION

Liquid and solid products are derived from reactions that occur in
a glow discharge of an organic or organometallic vapor. This process,
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referred to as plasma polymerization, yields materials that are
totally amorphous, highly crosslinked, and exhibit a completely irregu-
lar structure containing random points of unsaturation and pendant
aromatic rings. In a recent publication [ 1] we have used a quantita-
tive analysis of IR and NMR spectra to define the concentrations of
functional groups present in plasma polymerized hydrocarbons. This
method also allows calculation of an apparent crosslink density of
these materials. In the present work, we have applied this technique
to the evaluation of the structural changes in plasma-polymerized
ethylene when the reaction parameters pressure, power level, and
monomer flow rate are systematically varied. Structural character-
istics of the products at all studied reaction conditions have been
represented on two characteristic maps and are qualitatively shown
to depend on the ratio of the rate of radical production to the rate of
chain growth.

EXPERIMENTAL

A detailed description of the plasma reactors has been given [ 2].
The central component of this apparatus is an evacuable bell jar
containing two circular parallel electrodes. A glow discharge of
monomer vapor is sustained by an International Plasma Corporation
Model 3001 rf generator which operates at 13.56 mHz and delivers
up to 150 W, The temperature of the grounded, lower electrode is
held constant by circulating water of the appropriate temperature.
This electrode was covered by aluminum foil which served as the
polymerization substrate. The polymer deposition rate was deter-
mined by weighing the foil before and after reaction and dividing
the weight gain by the deposition time. Polymer was also collected
on NaCl crystals, positioned 2 in. from the center of the electrode.
The sample deposited on these crystals was characterized by infra-
red spectroscopy by using a Perkin-Elmer Model 137 spectropho-
tometer.

CP grade ethylene was obtained from the Matheson Gas Co. and
used without further purification. The pressure, monomer flow rate,
and discharge power used during each polymerization were recorded.

RESULTS

Tables 1-3 present the data obtained when ethylene was polymer-
ized at different pressures, monomer flow rates, and discharge
powers., The first four columns on the left-hand side of these tables
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identify the reaction conditions and the observed deposition rates.

The form of the product (viz. oil, film, powder) is given in the fifth
column, together with a qualitative measure of the distribution if more
than one form was present. The molar concentrations of methyl,
methylene, tertiary carbon, olefinic, and phynyl groups were obtained
by a quantitative interpretation of the infrared spectra of each poly-
mer sample, following the procedures described in reference [1].
The last column in Tables 1-3 lists the apparent crosslink density,

L which represents the number of chain carbons between crosslinks.

Several trends in the data can be observed from inspection of
Tables 1-3. Table 1 shows that the concentrations of methyl, methyl-
ene, vinyl, and aromatic groups increase with pressure at constant
monomer flowrate and at power levels above 50 W (ca. 0.14 W/cm?
electrode surface), while there is a consistent decrease in tertiary
carbon concentration. These circumstances generally lead to de-
creased crosslink densities with increasing pressure. On the other
hand, at low power levels, these trends are exactly reversed, suggest-
ing that some mechanistic changes may occur as power is increased
above a certain level,

Table 2, which outlines structural changes effected by varying the
power level at fixed monomer flowrate and pressure, again shows
two types of behavior. At low pressure (1.0 Torr), only the tertiary
carbon concentration increases with power, leading to increased
crosslink density at high power levels. But at pressures above 3.2
Torr, trends in functional group concentrations reverse and decreases
in crosslink density with increasing power are observed.

The data in Table 3 illustrate the effects of varying the monomer
flow rate while holding the discharge power and pressure constant,
These data show that the plasma polymer structure is much less
sengitive to the volumetric feed rate of monomer than to either
pressure or power level variations. This is reflected in the relative
constancy of the functional group concentrations and crosslink densi-
ties as well as the distribution of product forms.

DISCUSSION

The effect of polymerization conditions on the polymer form ob-
tained, its crosslink density, and rate of deposition are shown in Figs. 1
and 2, These characteristic maps are based upon the information pre-
sented in Tables 1-3, plus additional results obtained with other polym-
erization conditions. In each of the figures, regions have been identi-
fied in which the predominant polymer form is an oil, film, or powder.
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FIG. 1. Dependence of ethylene polymer form, deposition rate,
and crosslink density on pressure and discharge power at 50 STP
ce/min flow rate.

It should be recognized that the boundaries between regions are not
sharply defined and that the indicated boundaries are only approxi-
mate.

A full interpretation of the relationship between the form of
polymer obtained and the polymerization conditions used depends
upon an understanding of the mechanism and kinetics of polymer
formation. Unfortunately, the current state of knowledge concerning
plasma polymerization is insufficient to allow for such detailed ex-
planations, hence, only a qualitative interpretation can be postulated.

It has been proposed by Kobayashi et al. [ 2-4] that plasma
polymerization is initiated through the collision of free electrons
present in the plasma with monomer molecules, resulting in the
formation of free radicals, The primary radicals then diffuse to
the surface on which polymer is being deposited and are adsorbed.
Monomer diffusing out of the gas phase reacts with the adsorbed
primary radicals to produce radicals of higher molecular weight.
Polymerization by further addition of monomer causes the growth



09: 14 25 January 2011

Downl oaded At:

146

TIBBITT, BELL, AND SHEN

Power = 80 Watt

5.0 T T
\ 0il
\ Xg=o
- | Ry = 9-18um/hr
I@ 4.0 Unstabie d
Discharge Tacky Film
E N\ Xc = 30-55
E 30F\ | Rg=6-16um/hr
e N\ )
2 5ol ~ Film ]
o & X¢ = 5-7
a Rq = 3.5-11 um/hr
Powder + Film
|.OF x¢ =3.5-5 .
Rd < 10 um/hr
0 | 1
0] 25 50 75 100

Flowrate (STP cmYmin)

FIG. 2. Dependence of ethylene polymer form, deposition rate,
and crosslink density on discharge pressure and monomer flow rate
at 80 W power level,

of polymer chains. Chain growth is terminated when surface-bound
radicals recombine or are trapped within the growing film. However,
unlike conventional polymerization, radical-radical recombination
does not necessarily lead to a termination of polymer growth for the
following reason. The growing polymer surface is constantly bom-
barded by photons emitted by the plasma [ 5, 6] and by energetic

ions and electrons which diffuse from the plasma. Upon interaction
with the polymer, these fluxes of energy can cause new radical sites
to be produced in existing polymer chaing. The newly created sites
can, in turn, act as centers for further polymerization. Since these
sites are part of an existing chain, the new chain which grows out
from it is a branch. I the radicals at the end of two branching chains
recombine, a crosslink is formed.

Based upon the sequence of events outlined above, it would be
anticipated that the extent of branching and crosslinking will depend
upon the ratio of the rate of new radical site production to the rate of
chain growth. When the ratio of rates is large, a more highly cross-
linked product should be obtained; conversely when the ratio is low a
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weakly crosslinked product is expected. The extent to which such a
simple interpretation of the factors controlling the degree of cross-
linking is correct can not be established on the basis of the available
data, principally because there exists no measure of the rate of new
site formation at the polymer surface. One does observe, however,
that conditions under which the polymer deposition rate is low are
conducive to producing a more highly crosslinked polymer and vice
versa. This observation is not inconsistent with the postulated
interpretation when it is recognized that slow polymer deposition
results in a longer exposure of the polymer surface to the effects
of the plasma and hence a greater opportunity to form new reactive
sites.

The explanation of the relation between crosslink density and
deposition rate offered above combined with the data of Tables 1-3
suggests certain consideration in tailor-making plasma-polymerized
films. For instance, increased crosslinking can be obtained by in-
creasing the power density at constant pressure and monomer flow-
rate, decreasing monomer flow at constant power and pressure,
or decreasing pressure at constant power and monomer feed rate.
All these actions are expected to raise the site activation/chain
growth ratio and thus the crosslink density according to our dis-
cussions. The data in Tables 1-3 support these explanations. This
type of simple '"rule-of-thumb'' thinking should prove quite useful
in the qualitative prediction of structural changes when reaction
conditions are varied in plasma polymerization systems.

CONCLUSION

In this work, we have demonstrated that systematic variation of
reaction parameters results in well defined changes in the concen-
trations of functional groups, the crosslink density and the product
form of plasma-polymerized ethylene. A qualitative explanation of
these structural changes which considers the effects of deposition
rate and discharge conditions at the prevailing polymerization con-
ditions has been offered. Simultaneously, the usefulness of spectro-
photometric analysis in structural characterization of plasma
polymers has been demonstrated. It is hoped that these discussions
prove to be a useful aid in tailor-making plasma polymers for
specific applications.
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