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SYNOPSIS

Allylamine (CH,—CH—CH,— NH,) was polymerized through rf generated plasma at
varying powers and times. Chemical groups and elemental compositions in the polymers
were studied using ESCA and infrared spectroscopy. It was observed that plasma derived
polymers contained a significant number of primary amines, along with some secondary
and tertiary amines, imines, and nitrile groups. Plasma derived polymers had a complex
structure and contained unsaturated groups. A considerable amount of oxygen, primarily
from residual air in the plasma reaction chamber, and possibly from atmosphere when
plasma polymers were exposed to air, was responsible for carbonyl, amide, ether, and hy-
droxyl groups found in the polymer structure. Some silicon was also detected in the plasma

deposited films.

INTRODUCTION

Plasma is a cluster of particles including equal num-
bers of positive ions and electrons, free radicals, and
natural species created by exciting a gas in electro-
magnetic or electrical fields. A variety of organic
gases or vapors have been polymerized through their
plasma state. Several authors have studied and re-
viewed the mechanisms of plasma polymerization.!
Because of the complex nature of the plasma, mech-
anisms of plasma polymerization have not been
completely understood. However, it is generally ac-
cepted that free radical and ionic initiation and
propagation coexist in plasma polymerization and
that polymerization takes place in gas phase as well
as on the substrate surface.* Which of the two
mechanisms dominates the polymerization depends
on the conditions of the plasma discharge system,
operational variables, and the chemical nature of
the monomers.

Initially, when a gas is turned into a plasma, the
probability of excited gas molecules to produce free
radicals is higher than producing ions, because the
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energy required for bond dissociation to produce free
radicals (3-4 eV) is much lower than that for ion-
ization to produce ions and electrons (9-13 eV ). Free
radical density, at a pressure of 1 torr, was found by
Kobayashi et al.? to be about 103-10° times that of
ions. With the contribution of ionic species to poly-
merization being negligible, free radical polymeriza-
tion was favored by Bell and coworkers.>® High con-
centrations of free radicals, both in gaseous plasma
and trapped in polymers, were detected by Yasuda
and Hsu” using Electron Spin Resonance (ESR).

After plasma is created, various reactions, which
are illustrated below, can occur through collisions
and energy transfer among these species:

M+e =M-+H'"+ 2"
M' +H+=M#+H2

M=M"+e"
2M+e =M "+ M +e”
M+e =M
M- +e =M

The neutral species (M) and free radicals (M - ) can
be ionized (M, M*) when they collide with high
energy electrons. As a result, the ion population in-
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creases and may exceed that of free radicals if the
electron density and energy are high enough. Ki-
netically, ionic radial polymerization may predom-
inate, even though free radical population is greater,
if they have a lower rate of polymerization. Tickner®
observed plasma glow deflected towards the negative
electrode and most of the film deposited on the neg-
ative electrode in a 350 V dc electric field, due to
the presence of positive ions. The predominant role
of ionic species in polymerization is also supported
by Smolinsky and Vasile,® based on mass spectro-
metric ion sampling analysis.

Plasma polymerization may yield film or powder
depending upon experimental parameters such as
flow rate and pressure. A pinhole-free solid film can
often be obtained at a higher flow rate of the mono-
mer and lower pressure, whereas powder is formed
at a lower monomer flow rate and lower pressure.*°

A review of the structure and morphology of
plasma derived polymers have been presented by
Shen and and Bell.? Plasma derived polymers are
extremely irregular, highly cross-linked, and totally
amorphous in nature. Also, functional groups that
are not present in monomers often exist in polymer
structures. Among various techniques to character-
ize polymers, Infrared (IR), Electron Spectroscopy
for Chemical Analysis (ESCA), Nuclear Magnetic
Resonance (NMR), and Mass Spectrometry (MS)
have been particularly useful for obtaining empirical
molecular structure.

Allylamine plasma was found to be polymer-
izable '’ and useful in preparation of reverse osmosis
membranes.'?!* Recently it has also been used to
modify the surface of high strength fibers, such as
glass fibers,'® aramid fibers'® and ultra-high-
strength polyethylene fibers,!” to increase their
adhesion to resins in making fiber reinforced com-
posites. The chemical structure of allylamine plasma
polymer obtained at a single polymerization con-
dition was characterized using IR and ESCA by Ya-
suda and coworkers*® and by Peric et al.'? This ar-
ticle extends the ESCA analysis further, to better
understand the mechanism of allylamine plasma
polymerization. The first part of the study charac-
terizes the chemical structures of polymers formed
at various conditions. The mechanisms of polymer-
ization reactions are proposed.

EXPERIMENTAL

Material and Specimen Preparation

Allylamine (H,C—=—CH—CH,—NH;) of 98% purity
was obtained from Aldrich Chemical Corporation

and was distilled before being used for plasma po-
lymerization. Seventy-six mm diameter silicon waf-
ers were cut into small pieces, 10 mm X 5 mm each,
and were used as substrate for plasma polymeriza-
tion and subsequently used for ESCA analysis. The
silicon pieces were washed in acetone before using.
They were glued to common optical microscopy glass
slides using high vacuum grease. Wafer thin pieces
of thicknesses less than 1 mm were cleaved from
sodium chloride (NaCl) crystal and then kept in
desiccators and used later for infrared analysis.

Plasma Polymerization

Plasma polymerization of allylamine was carried out
using a Plasma Discharge System (PDS), Model
504, manufactured by LFE Corporation. The sche-
matic of the system is shown in Figure 1. Four tu-
bular quartz chambers were inductively coupled by
13.56 MHz rf generator. The inside chamber wall
was covered with Kapton NH100 (polyimide) film,
obtained from Du Pont de Nemours & Co., to pre-
vent polymer from depositing on the chamber wall.
The silicon wafers and sodium chloride crystals were
placed in separate chambers. Since plasma poly-
merization is influenced by the geometrical position
in the chambers, the silicon wafer and sodium crys-
tals were put in the same place each time to avoid
variation. Prior to introducing the allylamine vapor
into the chambers, the system was vacuumed to 50
millitorrs. Allylamine vapor was then introduced and
the pressure was maintained at 0.5 torr in the cham-
ber by adjusting the flow meter control. The power
was turned on when a steady pressure was estab-
lished.

Polymer Film Characterization

Infrared spectra of plasma polymerized film, depos-
ited on a sodium chloride crystal, were obtained us-
ing a dispersive Infrared Spectrophotometer Model
683 manufactured by Perkin Elmer Corporation,
having a resolution of 4 wavenumbers. Several spec-
tra were accumulated for each specimen.

Chemical compositions of plasma polymerized
film deposited on silicon wafers were analyzed by
ESCA using monochromatic Al K, X-rays. The sil-
icon wafers were cleaned by washing in acetone be-
fore using. The pressure in the main chamber was
lowered to below 107° torr, after which the 10 KV
X-ray source was turned on. ESCA spectra were re-
corded and analyzed, with a resolution of 2 eV, using
an ESCA spectrometer Model SSX 100 manufac-
tured by Surface Science Instruments Inc. Two tests
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Figure 1 Schematic of the plasma discharge system, (A) Constant temperature bath,
(B) Liquid monomer container, { C) Hot air blower, (D) Three-way stopcock, (E) Vacuum
and pressure gauge, (F) Flow meter, (G) Glow discharge chamber, (H) Induction coils,
(I) Matching box, (J) Rf generator, (K) Thermocouple vacuum gauge, (L) Liquid nitrogen

container and gas trap, (M} To vacuum pump.

on each specimen at different places with a constant,
300 um, spot diameter were run and the averages of
relative compositions were used.

Polymer film thicknesses on silicon wafers were
measured by an Inteferometer Model Leitz MPV-
SP that scans from 400 to 800 nm wavelengths
(white light). Refractive index of plasma deposited
films was assumed to be 1.54, which is common for
most polymers. Three to four measurements were
taken for each sample at different places.

RESULTS AND DISCUSSIONS

General Observations of Plasma Polymerization

After turning the rf generator on at sufficiently high
power input of approximately 20-25 W, at a pressure
of 0.5 torr, the glow discharge appeared. The light
blue color of the glow at 30 W changed to light purple
at 45 W and ultimately turned to bright pink at 70
W. The glow intensity increased as the power in-
creased and decreased as the pressure in the chamber
decreased.

Polymeric film, as well as some powder deposi-
tions, were found on substrates under different con-
ditions. The powder exclusively deposited on the
bottom left end in the chamber from where the
monomer vapor was fed, as illustrated in Figure 1.
This is presumably due to lower vapor flow rate when
gaseous phase polymerization is predominant, as
discussed by Kobayashi et al.!° Transparent and
yellowish polymer filins were deposited on the silicon

wafers, NaCl crystals, and the fiber specimens that
were placed in the middle of the chamber.

Once adjusted, the pressure in the chamber could
be maintained at a constant value for 5 to 10 min.
However, it dropped gradually from 0.5 torr to 0.2
torr at longer times, such as 20 and 40 min, if un-
attended. The flow rate was continuously monitored
and readjusted to obtain a pressure of 0.5 torr. The
decrease in pressure means that the rate of poly-
merization is higher than the feeding rate of mono-
mer. Under the present conditions, the polymeriza-
tion is believed to have been initiated both in gaseous
phase and on the surface of substrates.

Rate of Plasma Polymer Deposition

The rate of plasma polymerization depends on pa-
rameters such as the flow rate of monomer, pressure,
power input, time, and temperature. The plasma
polymerization process being very complex, it is dif-
ficult to interpret the rate of polymerization in terms
of initiation, propagation, and termination rates as
in conventional radical polymerization. In this study,
the bulk rate of polymerization is measured in terms
of the rate of polymer film deposition. The effect of
time on the rate of polymer film deposition at 45 W
power input is shown in Figure 2. The effect of power
input on the rate of polymer deposition is shown in
Figure 3. It can be seen from Figure 2 that the film
thickness increases linearly at a rate of 4.6 nm/min.
The rate of deposition increases with the power in-
put at a rate of 0.095 nm/min/watt, as shown in
Figure 3. Such a linear effect of power indicates that
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Figure 2 Effect of power input on rate of polymer de-
position.

the plasma polymerization is still in the power de-
ficient region as defined by Yasuda and Wang.'®

IR Analysis

The infrared spectra of allylamine and the plasma
derived polymers are compared in Figure 4. In Fig-
ures 5 and 6 we show the infrared spectra of plasma
derived polymers under different conditions. It can
be seen from Figures 5 and 6 that the polymers ob-
tained under all reaction conditions have similar
peak characteristics, indicating similar structural
groups. The relative number of these groups, how-
ever, varies.

A summary of wavenumbers and the vibrational
mode assignments are shown in Table I. The broad
band observed at 3250 cm ™ wavenumber is a result
of the stretching of N—H bonds from primary, sec-
ondary amines, and possibly O—H groups. Gombotz
and Hoffman, ?° who plasma polymerized allylamine
on various substrates, also reported a band between
3100 and 3600 cm ' due to N—H stretch. Their re-
sults also showed that the polymer composition re-
mained the same for any substrate. The peak at 1590
cm™!, corresponding to the bending of N—H bonds
in primary amines, is seen in allylamine as well as
in all the polymers. Peak at 795 cm™! is most likely
from out-of-plane bending of N—H groups from
primary and secondary amines.

Strong absorption corresponding to C=—C
stretching at 1640 cm ™! and H—H bending at 1590
cm ™! present in allylamine are also seen in the poly-
mers. However, the broadness of these peaks in
polymers suggests a complex structure and various

conjugations in which these groups exist. Other
peaks that appear in the polymer structure, but are
not present in allylamine, are due to carbonyl
(C=0, 1710 cm™!), amide (—C—N, 1690 cm™),
and imine (—C=—N—, 1675 cm™). Conjugation
among these groups shifts their respective peaks to
lower wavenumbers.

The C-—H bending in methylene (—CH,—, 1460
cm ') and in vinyl groups (—CH—CH,, 1430
cm™!) are present in allylamine as well as in the
polymer spectra (Fig. 4), whereas peak at 1375 cm ™!
wavenumber, characteristic of methyl groups, is only
found in polymers.

Another change in peaks from monomer to poly-
mer is the disappearance of peaks at 990 cm™! and
910 em™!, corresponding to out-of-plane C—H
bending in vinyl groups in allylamine, which suggests
a reduction in vinyl groups in the polymers probably
due to di, tri, or tetra substitutions. The peak at 950
cm !, characteristic of out-of-plane C—H bending
in trans-1,2 disubstituted >C—=—C< bonds, is seen
in the polymers obtained at lower power and lower
times, but disappears at higher power or longer
times. This suggests that hydrogens in >C—CH,
groups are substituted with other groups.

It can be seen from Figures 5 and 6 that peak at
2180 cm ! wavenumber appears only in the polymers
obtained at 70 W for 10 min, at 45 W for 20 min,
and at 45 W for 40 min. This peak may be assigned
to the nitrile group (C=N) and alkyne (C=C)
groups and conjugated with carbonyl or ethylene
groups conjugated with carbonyl or ethylene groups.
This suggests that more hydrogens are abstracted
from monomers and growing chains at higher power
inputs and at longer times, resulting in higher num-
ber of double and triple bonds.
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Figure 3 Effect of exposure time on rate of polymer
deposition.
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Figure 4 Infrared spectra of (A) Allylamine liquid, and (B) its plasma polymer formed

at 45 W for 40 min.

ESCA Analysis of Allylamine Plasma
Formed Polymers

The scanning of the energy spectrum of photoelec-
trons originating from the specimen over 0 to 1000
eV binding energy produces 5 distinct peaks corre-
sponding to C;,, Ny, Oy, Sig, and Siy,. The peaks

of Si,, and Si,, are not expected in the polymer films
because ESCA can only measure the surface chem-
ical compositions up to a depth of less than 100 A,
whereas the thinnest polymer film obtained in the
present study is 126 A thick.!” Yeh and Yasuda,*
who used silicone rubber substrates with a glass
transition temperature lower than the experimental

Transmittance (%)
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Figure 5 Infrared spectra from 2300 cm™* to 600 cm ™! wavenumbers of allylamine liquid
(A) and plasma polymers formed at different power inputs: (B) 30 W, (C) 45 W, (D) 70

W, for 10 min.
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Figure 6 Infrared spectra from 2300 cm ™ to 600 cm™ wavenumbers of allylamine plasma
polymers for exposure times of (A) 5 min, (B) 10 min, (C) 20 min, (D) 40 min formed at

45 W.

temperature, found a considerable amount of silicon
in the deposited fluorocarbon films due to interfacial
diffusion. In the present case, interfacial diffusion
of silicon from the wafer may not be possible. The
% silicon component, however, is below 10% and
probably is a result of the sputtering by the energetic
species within the allylamine plasma or may have
come from the dust sitting on the specimen.

It may also be noted that the Si,, peak was ob-
tained at a binding energy value of 102.2 eV, indi-
cating oxidized silicon. Binding energy for pure sil-
icon is 99.2 eV. The ratio of silicon to oxygen in the
specimen is approximately equal to AE, /2.2, where
AE, is the chemical shift due to oxidation.? In all
the polymer film spectra, only the peaks for oxidized
Si(102.2 eV for Si,, and 153.3 eV for Siy;) are seen.

Table II gives the elemental composition of N, C,
O, and Si and their ratios in polymer films for all
conditions. The ratio of nitrogen /carbon, about 0.20,
is approximately the same for polymer films formed
under all conditions of power and time. However,
this ratio is much smaller than 0.33 for allylamine
monomer. This suggests that chain scissions occur
at C—N bonds during polymerization, resulting in
a loss of about one third of nitrogen. This can be
explained easily since the dissociation of the C—N
bond is energetically more favorable than the
C—C bond. It may be noted that with the increase
in the power the nitrogen content decreases from
12.7% for 30 Watts to 10.5% for 70 Watts, indicating
a higher loss at a higher power.

The incorporation of oxygen is primarily a result
of the residual air in the reaction chamber and to a
small extent by the oxidation of the polymer films
when exposed to air. At the beginning of the reac-
tion, oxygen in the reaction chamber is incorporated
in the polymer deposition. With time, as the polymer
layer builds up, oxygen in the chamber is no longer
available to be incorporated into the top layer of
polymer deposition. When the specimen is taken out
of the chamber, the free radicals still present in the
film can be oxidized. Thus, oxygen in the top layer
comes from oxidation of the polymer when exposed
to air while oxygen in the bottom layer is mainly a
result of residual air in the plasma chamber.

The deconvoluted views of individual peaks are
shown in Figures 7-11. To eliminate the effect of
static charge, which increases the binding energy
values, all peaks of Si,, in all polymers are shifted
to 102.2 eV, which is the peak binding energy of
oxidized silicon in the control substrate. Other peaks
have also been shifted correspondingly. The silicon
wafer being a semiconductor, static charges are neg-
ligible. However, the polymer films are non-con-
ducting and can accumulate static charge. The peak
binding energies and the full width at half maximum
(FWHM) are shown in Table III. The peak binding
energies of Cy,, Ny,, and Oy, after shifting match
typical values found in the references and hand-
books.Z%7

The FWHMs of C;, of polymers are over twice
as large as that of control. Broadness of the peaks
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TableI Peak Assignments in Infrared Spectra

Wavenumber (cm 1)

Structure

Vibrational Mode

3250

3040
2960, 2930, 2880

2180

1710

1690

1675
1640

1630
1590

1565
1460

1375

990, 950, 910

795

990, 950, 910

N—H&O—H
C—Hin =C—H
C—H in CH; & CHj
C =N (Conjugated)
C=0

C =0 (Conjugated)

(6]
C
C

1]

C—N
N
C

O=—=C—N (Conjugated)
C=C (Conjugated)
N—HinC=N—H
C=C (conjugated)
N-—Hin —NH,

C—H in CH,
in CH3
C—H in CH;
R
N\
C—Hintrans 1, 2 Cc=C
/
H
N—O
N—H
R R
N\ /
C—Hin C=C
/ N\
H RII

Stretching
Stretching
Stretching
Stretching
Stretching
Stretching

Stretching

Stretching

Stretching

Stretching

Bending

Stretching

Bending

Scissoring Bending
Asymmetrical Bending
Symmetrical Bending

Out-of-plane Bending
Stretching
QOut-of-plane Bending

Out-of-plane Bending

indicate that polymers have a very complex struc-
ture. It may be recalled that a similar effect was also
seen in infrared analysis. The C;, peak at 285 eV,

as shown in Figure 8, can be resolved into a major
peak for alkyls and alkenes (C—C) at 285.0 eV,
and other peaks such as amines (—C—N—) at 286.2

Table II Elemental Composition of Plasma Polymerized Films Obtained from ESCA

Experimental
Condition
Elemental Composition Composition Ratio
Power Time
(W) (min) C (%) N (%) 0O (%) Si (%) N/C 0/C Si/C
30 10 66.82 12.70 14.07 6.41 0.19 0.21 0.10
45 10 58.48 11.59 21.12 8.82 0.20 0.36 0.16
70 10 63.22 10.50 16.70 9.58 0.17 0.26 0.15
45 5 59.56 11.42 21.04 7.98 0.19 0.35 0.15
45 10 58.48 11.59 21.12 8.82 0.20 0.36 0.16
45 20 65.95 14.02 14.67 5.35 0.21 0.24 0.16
45 40 59.78 12.99 18.23 9.00 0.22 0.31 0.16
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Figure 7 Si,, spectra for allylamine plasma polymers, (A} Control, (B) 30 W, 10 min, (C)
45 W, 10 min, (D) 70 W, 10 min, (E) 45 W, 5 min, (F) 45 W, 20 min, (G) 45 W, 40 min.
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Figure 8 C,, spectra for allylamine plasma polymers, (A) Control, (B) 30 W, 10 min, (C)
45 W, 10 min, {D) 70 W, 10 min, (E) 45 W, 5 min, (F) 45 W, 20 min, (G) 45 W, 40 min.
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Figure 11 Asymmetrical tail structure arising from conjugation of unsaturated bonds

in allylamine plasma polymer.

eV, carbonyl (C=0) at 287.8 ¢V, ether and alcohol
(C—O0) at 287 eV, amide (O=C-NH) at 289 ¢V,
and silicon carbide (SiC, ) at 282 + 1 eV in decreasing
order of their relative peak areas.

N,, peaks at peak binding energies of 399.7 eV
can be deconvoluted into two major peaks at 399 eV
for amine groups, at 400.1 eV for imine and amide
groups, and into two small peaks corresponding to
N-—O and N—Si as shown in Figure 9. The FWHM
for the individual peaks lies within 1.6-1.8 ¢V. The
number of amide groups is 10-20% of the sum of
C—N and C==N groups. It can, therefore, be con-
cluded that nitrogen in the plasma polymers mostly
exists in amine, imine, and amide forms. Other pos-
sible structures, such as N—C—0, C—N=—=N—C
also result in N, peak at about 400 eV. Clark and
Harrison?” showed that the Ny, peak shifted slightly
to the lower binding energy side only by about 0.2
eV primary amines to secondary amines and tertiary
amines making it difficult to deconvolute the C—N

peak into primary amine, secondary amine, and ter-
tiary amine.

The O, peak at 532.2 eV can be deconvoluted
into a major peak for carbonyl (C=—=0) at 532.2 eV
and two peaks for C—O at 533.3 ¢V and O—Si at
531 eV, as shown in Figure 10. The Oy, peak of silicon
oxide from silicon substrate also has a predominant
peak at 532.2 eV, as shown in Figure 10(A). High
relative peak area at 532.2 eV (50-70% ) for polymer
films is a result of both carbonyl and silicon oxide.
The ester oxygen in carboxyl groups exhibits a small
peak at 534.5 eV and exists only in polymers formed
at longer times. It may be concluded from these ob-
servations that oxygen exists mostly in the form of
carbonyl and ether groups.

It can be seen from Table III that FWHMs of all
peaks increase with time and power. The increase
in FWHM is due to the complex structure which
results in peak shifts in either direction. For in-
stance, in Ny,, as time and power increase, the total

Table III Peak Binding Energies and Full Width at Half Maximum (FWHM)

Power (W)/Time (m) 0/0 30/10 45/10 70/10 45/5 45/20 45/40
Siy, Peak (eV) 102.2* 102.2 102.2 102.2 102.2 102.2 102.2
FWHM (eV) 1.56° 1.56 1.62 1.70 1.56 1.81 2.13
Si;; Peak (eV) 153.3% 153.3 153.3 153.1 153.4 153.3 153.2
FWHM (eV) 2.12° 2.13 2.27 2.27 2.00 2.57 3.00
Cyis Peak (eV) 284.9 285.0 285.0 284.7 284.6 285.0
FWHM (eV) 2.50 2.50 2.50 2.50 2.83 3.23
N, Peak (eV) 399.5 399.8 399.5 399.7 399.7 399.9
FWHM (eV) 2.20 2.30 2.65 1.95 2.29 2.84
0,, Peak (eV) 532.2 532.2 532.2 532.2 532.2 532.1
FWHM (eV) 1.99 1.99 1.99 1.77 2.34 2.34

2 Data taken from oxidized silicon peak.



concentration of N—O, N—Si groups, secondary
amines, and tertiary amines, and consequently the
intensities of these peaks, increase. When combined
with the main amine peak, the N, peak widens.
FWHDMs of O, and C,, remain the same at the dif-
ferent power input. This is because the peaks arising
from carbonyl and alkyls and alkene are so dominant
that other peaks have no significant effect on peak
width.

From the infrared spectra, it was concluded that
the conjugation among C—=C, C=0, and C—N
possibly exists in polymer chains. The electron
shake-up transition arising from the conjugations
produces a small satellite peak.?® Munro and
Grunwald?® argued that if the conjugation length
increases along the polymer chain, the satellite peak
cannot be observed. Instead a long tail appears at
the higher binding energy side. In C,, if there is no
shake-up transition as in polyethylene, the tail aris-
ing from the inelastic collision of electrons appears
from ~293 eV.Z The allylamine plasma polymers
exhibit asymmetrical C,, peaks with small tails from
289 eV, confirming the conjugation of unsaturated
bonds in polymer structures. The acrylonitrile
plasma polymer was also shown to have an asym-
metrical tail by Munro and Grunwald.?® The asym-
metrical tail structures are distinct in conjugated
aromatic polymers.®®®! N, and O,, all have such
asymmetric tails if N and O are a part of conjuga-
tion.?®3! The N, peaks do not show the “tail.” In-
stead, there are a few small peaks, suggesting that
the length of conjugation arising from C==N is small
and the amount of C=—N is small compared to that
of the C—C bonds.

Mechanism of Plasma Polymerization

From IR and ESCA analyses, the formation of
plasma polymer structures may be proposed by the
following reaction schemes:

CH,=CH—CH,— — CH,— CH—CH,—
P ti . L
ropagation CHz— CI‘I . CHZ—

H Abstraction -

———— CH,—CH—CH—
\ Chain Scission (:‘,Hz— CH +-CH,— (1)

—CH—NH—
—CH,—NH, ) o —CH—NH—
: Chain Scission CH + NH, —

—> Further H abstraction and chain
scission and propagation (2)
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The above reactions result in chain growth and
crosslinks, with a large number of free radicals being
trapped in the chains. When the plasma discharge
is turned off, free radicals de-excite and can combine
to form double and triple bonds and crosslinks as
follows:

—C- +-C— > —C—C—
l l L

—C—N-> JC=N—
/
|
—C—N-> —C=N (3)

Bell et al.’ proposed a reverse reaction route in
which the allylamine monomers are first converted
to imines and nitriles, C—C bonds are converted
to C=C and then are polymerized, resulting in a
large number of unsaturated groups. This would
mean that polymers formed even at very short times
would contain considerable amounts of unsaturated
groups including C—=N, C=C, and C=N in poly-
mers. However, this study shows that only a small
number of nitrile groups are found in polymers
formed at longer times and at higher power inputs.

Free radicals in polymer chains can also react
with hydrogen radicals in gaseous phase, creating
methyl and primary amines:

—CH,—CH, + H- - —CH,—CH,
_H

—RH+H > =N

(4)

Another way primary amine groups could be incor-
porated in polymers is by radicals in polymer chains
reacting with monomers when plasma discharge is
turned off as follows:

—CH,—CH— + CH,-——=CH—CH,—NH, —»

- —CH,—CH—
|
CH,—CH—CH,—NH, ®

The above reactions cease when substrates are taken
out and exposed to air. However, there still remain
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a large number of free radicals trapped in polymers
chains. Neighboring free radicals can recombine, but
those separated by at least two bonds cannot recom-
bine to form unsaturated bonds or crosslinks. These
remaining free radicals can be oxidized into hy-
droxyl, carbonyl, etc. when exposed to air.

At the beginning of the plasma discharge, the ni-
trogen and oxygen in residual air can combine with
radicals to form peroxide, carbonyl, ether, etc. as
follows:

CONCLUSIONS

Allylamine plasma polymer films contain consid-
erable amounts of primary amine and imine groups
along with some amides, secondary, and tertiary
amine groups. A small number of nitrile groups were
found in polymers formed at high power and long
times.

Groups containing oxygen, such as carbonyl,
ether, and hydroxyl groups, were also present in the
polymer. Oxygen from the residual air in the poly-
merization chamber and oxidation of plasma derived
polymers when exposed to the atmosphere were re-
sponsible for the oxygen containing groups.

The elemental composition of plasma polymers
obtained under different conditions showed the
N/C ratio to be approximately the same for all the
polymers. The O/N and O/C ratios tend to decrease
with polymerization time.

Various unsaturated groups, such as C=—C,
C=N, C=0 and conjugation, created complex
polymer structures and resulted in a peak with an
asymmetrical tail for C,.

Some amount of silicon, possibly from dust in the
air or a result of the sputtering by energetic species

within the allylamine plasma, was detected in the
form of silicon carbides and silicon nitrides.
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