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Free Radicals Resulting from Plasma 
Polymerization and Plasma Treatment 

N. MOROSOFF, B. CRIST, M. BUMGARNER, 
T. HSU, and H. YASUDA 

Camille Dreyfus Laboratory 
Research Triangle Institute 
Research Triangle Park, North Carolina 27709 

A B S T R A C T  

A glass tube is subjected to plasma treatment (non- 
polymerizable plasma) o r  plasma coating (polymerizable 
plasma). Unpaired spins generated in the glass substrate 
alone, and in both substrate and coating for the second 
case, a re  detected by ESR It is shown that for both 
polymerizable and nonpolymerizable plasmas the sub- 
s t ra te ' s  unpaired spins (glass radicals) a r e  caused, in 
large part, by UV radiation from the plasma. In the case 
of plasma coating, the glass radicals are formed at the 
outset of the polymerization because the coating increasingly 
absorbs the UV radiation as deposition continues. High 
concentrations of free radicals in the coating appear to 
be correlated with a high tendency to polymerize, while 
high values of substrate radical surface concentration a r e  
related to high levels of W intensity in the plasma. 
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4 52 MOROSOFF ET AL. 

Free radicals have been detected in films deposited from a 
plasma onto a substrate [l-71 and a re  attributed, at least in part, 
to the high population of free radicals in the plasma [l, 8- 151, the 
precursors of the polymeric coating. These plasma free radicals 
a re  believed to react in large part by recombination, i.e., termina- 
tion [8], as  contrasted to the propagation reaction through double 
bonds in a conventional free radical polymerization. Considerable 
scission of carbon-hydrogen bonds occurs in the plasma, leading 
to considerable branching in the polymer. The combination of high 
free-radical concentration in the plasma and a high degree of 
cross-linking in the resultant polymer would be expected to be 
favorable to the formation of trapped free radicals in the polymer 
matrix. 

glow discharges which form no deposit [l6]. Their formation has 
been ascribed to the impingement of energetic particles on the 
surface [ 1, 161 and to UV radiation from the plasma [l, 17- 191. 
Such mechanisms could contribute to free-radical formation both 
in a substrate subjected to a plasma containing either polymerizable 
or  nonpolymerizable species as well as in a polymer coating formed 
on the substrate. 

glass (Pyrex) substrate, a s  well as in the polymer coating, when 
one ie formed by the use of electron spin resonance (ESR). The 
choice of a glass substrate was made a s  glass radicals yield a 
complicated ESR spectrum easily distinguishable from the singlet 
obtained for trapped radicals in a polymer coating. 

Unpaired spins have also been observed on surfaces treated with 

In this work we detect the presence of trapped free-radicals in a 

E X P E R I M E N T A L  

The glow discharge was generated in an apparatus which utilizes 
inductive coupling of 13.5 MHz rf previously described [20]. Briefly, 
a gas (or  combination of gases) is continuously introduced into a 
glass tube being evacuated by a pump. The rf discharge coil is 
wrapped around a section of the tube while samples are coated o r  
plasma treated in an adjacent part of the tube in the "tail-flame" 
of the plasma. For ESR measurements, a glass tube of 4 mm OD 
is placed on the monomer inlet using a glass joint into which the 
glass tube fits snugly. Ten centimeters of the glass tube a r e  
exposed to plasma. The monomer is fed into the reaction tube 
through this glass tube, and the polymer deposition per  unit area 
is measured either by weighing the tube o r  by placing a small  
cover glass below the glass tube for weight increase determination. 
The ESR signal is obtained by placing the tube into the cavity 5 to 
30 min after the plasma-treated o r  plasma-coated glass tube is 
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FREE RADICALS FROM PLASMA POLYMERIZATION 4 53 

taken out from the plasma reactor and exposed to air. The number 
of spins in the ESR spectrometer cavity are estimated by comparison 
with the signal from a standard pitch sample of known spin concen- 
tration. In the case of a composite signal, i.e., a polymer free- 
radical signal superimposed on a glass radical signal, the composite 
signal was recorded first. The polymer coating was then wiped off 
the glass tube and the remaining glass radical signal obtained. 

In the case of polymerizing systems, a method of subjecting the 
glass probe to UV radiation from the plasma without forming a 
coating on the glass tube was desired. This was accomplished 
by modifying the apparatus as shown in Fig. 1. The glass probe 
was placed in a "sidearm" tube connected to the main body of the 
apparatus by a short tube of 1.0 cm ID. The plasma could not 
penetrate into the sidearm although the UV radiation could. 

R E S U L T S  A N D  DISCUSSION 

U n p a i r e d  S p i n s  G e n e r a t e d  i n  a P y r e x  T u b e  b y  
N o n p o l y m e r i z a b l e  S p e c i e s  

Treatment of a glass tube with glow discharges from nitrogen 
o r  hydrogen gas yielded the ESR spectrum shown in Fig. 2. We 
will discuss the intensity of this signal as a function of time of 
treatment, power, and pressure in N2 plasma treatment. It may 
be noted that the glass radical signal, induced by N, plasma 
treatment, decays very slowly in air at  the rate of 25%in 6 days. 

Hansen and Schonhorn [16] have observed free radicals (by ESR) 
and cross-linking in polyethylene subjected to inert gas, hydrogen, 

The mechanism of free-spin formation in the glass is of interest. 

MONOMER 

.1 

P Y R E X  r'ueEs. 
f o r  E.SR. R.E COIL 

FIG. 1. Reaction tube of plasma apparatus with sidearm for 
exposure of Pyrex tube to UV radiation only. Pyrex tubes are 
shown in the sidearm as well as in the normal position, i.e., in 
direct contact with the plasma. 
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4 54 MOROSOFF ET AL. 

2% 
FIG. 2. ESR spectrum of radicals formed by treatment of a 

glass tube with N2 plasma a t  a pressure of 12 mTorr NZ , 30 W power 
for 5 min with subsequent exposure of the tube to air. 

o r  nitrogen plasma. Hudis [17- 191 has shown that the cross-linking 
that occurs in polyethylene exposed to a hydrogen plasma is caused 
by UV radiation from the plasma. We wished to see if  UV radiation 
from the nitrogen plasma was the cause of the free spins generated 
in the Pyrex tube. A thin walled (0.5 mm) quartz tube was placed 
in the position usually occupied by a glass tube for ESR measure- 
ments and was evacuated. A glass rod was contained within the 
quartz tube and the arrangement was subjected to a Nz glow discharge. 
The ESR signal from the glass rod was compared to that obtained on 
an identical glass rod directly exposed to a N, glow discharge. The 
data obtained a re  shown in Table 1 and demonstrate that a t  least 50% 
of the radicals generated in a glass rod exposed to N, plasma are 
caused by UV radiation. The run, made with only 2 mm of Nz, was 
intended to show that the radicals would not form if a highly visible 
glow discharge was not generated in the apparatus. Further experi- 
ments were made with a glass tube placed inside another sealed 
tube which was quartz for half its length and glass for the other 
half, the two connected by a graded seal with the wall thickness 
for both halves being 1 mm. Two such graded seals were placed 
on the floor of the plasma chamber-one with the quartz end facing 
the rf induction coil, one with the glass end facing the coil. The 
data given in Table 2 were obtained from that end of the glass 
sample closest to the coil. It is seen that a glass envelope pre- 
vents free spin formation, oxygen inhibits it, while a vacuum and 
nitrogen do not. Oxygen absorbs W radiation at  2000 A and below, 
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FREE RADICALS FROM PLASMA POLYMERIZATION 4 57 

I-- 

0 

leading to soTe  ozone formation. The latter absorbs strongly in the 
2000 to 3000 A range. Nitrogen gas is transparent to UV radiation 
of wavelength greater than 1250 A. The data presented in Tables 1 
and 2 demonstrate that radiation of wavelength between 1650 A, the 
short wavelength cut off for quartz, and 3000 hi is responsible for 
at  least half of the free spins generated in a glass rod by an NZ 
glow discharge. 

The intensity of the glass radical signal obtained where a glass 
tube is directly exposed to an NZ glow discharge is shown in Fig. 3 
as a function of time. There is an initial region of rapid free spin 
formation followed by one where free spins a r e  generated a t  a 
reduced rate. The data presented in Figs. 4 to 6 was obtained from 
samples exposed to the NZ glow discharge for 5 min periods. A 
plot of ESR signal intensity vs power input to the glow discharge 
is shown in Fig. 4. At a given pressure there is an initial rapid 
rise in rate of free-spin generation followed by a plateau where 
additional increments of power result in very little increase in 
the rate of free-spin generation. One possibility that must be 
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4 58 MOROGOFF ET AL. 

0 
t gs 

lo 

POWER (WATTS) 

FIG. 4. Spin surface concentration of the glass spins plotted 
against power used in the glow discharge treatment. The initial 
pressure of K was kept constant at 50 mTorr; the time of treatment 
was 5 min. 

" 
4-0 0-0 l i 0  

N2 PRESSURE ( p  Hg) 

FIG. 5. Spin surface concentration of the glass spins plotted 
against initial pressure of Na used in the glow discharge treatment. 
The power was kept constant at 30 W, and the time of treatment 
was 5 min. 

considered is that the plateau represents an upper limit to the 
number of spins that the Pyrex tube will yield when subjected to 
the W radiation emitted by plasma above about 00 W power. 
However, a free-spin concentration of 6.3 X 10" spins/cm* was 
observed for a glass tube exposed to a 50 mTorr, 120 W plasma for 
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120-- 

c. 90-- 
rn 
t 
4 
3 
- 6 O - -  
K 
W 

I I 
I I 

3 0  6 0  9 0  I20 
N, PRESSURE ( p  H g )  

reaction chamber (dotted line), as ascertained visually, and (full 
line) to attain the maximum ESR signal intensity in a Fig. 5-type 
plot a s  applied to the data in Table 3. 

FIG. 6. Plot of the reaction conditions required to fill the 

10 min a s  opposed to the value of 2.5 x 1OI6 spins/cm2 when the 
time of exposure is 5 min. We are thus assured that the plateau 
in Fig. 3 reflects a property of the plasma rather than of the 
glass tube. 

The effect of changing nitrogen pressure on the rate of free spin 
generation by the plasma is given in Fig. 5. The ESR signal intensity 
is seen to increase with pressure initially, peak, and then decrease 
a t  higher pressures. Figures 4 and 5-type plots can be obtained for 
a wide range of constant pressure and powers, respectively, a s  seen 
in Table 3. These a re  ESR signal intensities obtained after 5 min 
treatments of Pyrex tubes at  a variety of NZ pressure, power 
conditions. An explanation of these results is obtained by com- 
parison of the data in Table 3 with the power-pressure parameters 
needed to just fill the reaction chamber a s  ascertained visually. 
The power-pressure combinations that a r e  required for the latter 
a re  given by the dotted line in Fig. 6. The solid line was obtained 
from Table 3 by estimating the position of the maximum in a 
Fig. 5-type plot at  various constant power levels. It also delineates 
the approximate beginning of the plateau region in a Fig. 4-type plot 
at various constant N2 pressures. The plots are similar in  shape 
although the solid line is a t  higher power inputs than the dotted line. 
The behavior outlined above is consistent with a "tail-flame" of 
constant UV intensity issuing from the region encircled by the rf 
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460 MOROSOFF ET AL. 

TABLE 3. ESR Signal Intensity (of Pyrex Glass) a s  a Function of NZ 
Pressure and rf Power (spins/cm2 X 

rf power (W) Pressure 
(mTorr) 5 10 30 60 80 120 

10 0.70 0.81 1.4 1.6 1.8 1.5 

25 0.54 0.78 1.6 2.0 1.8 2.3 

50 0. 14 1.4 2.2 2.2 2.5 

80 0.81 1.8 1.7 2.6 

120 0.32 1.4 1.5 1.9 

coil followed by a "tip" of diminishing UV intensity a t  greater 
distances from the coil. Figure 4 is then explained a s  a movement 
of the ''tip" of the "tail-flade" past the glass tube until the region 
of constant UV intensity reaches the Pyrex tube at  high power levels. 
Figure 5 shows that the UV intensity increases in the constant inten- 
sity region of the tail flame as the pressure is initially increased. 
Further increases of pressure lead to a contraction of the "tail- 
flame" to the point that the glass tube is moved once again into the 
''tip." Thus, at the powers and pressures utilized in this study, the 
main effect of increasing the power-pressure parameter is to 
increase the volume in which W radiation is emanated, rather 
than to increase the intensity o r  energy of this UV radiation a t  a 
given point in the "tail-flame." 

It is clear that the UV radiation that induces free spins in the 
glass will also do so in a polymer substrate. This is indicated by 
the already quoted work of Hansen and Schonhorn [ 161 and of Hudis 
[17-191. It is also supported by our own observations on a glass 
tube coated with polysulfone and then exposed to an Na plasma a t  
120 mTorr of NZ and 150 W for 1 hr. An ESR signal was observed 
indicating the presence of free radicals in the polysulfone film 
exposed to air .  The decay of these free radicals was that charac- 
teristic of a second-order reaction. A linear plot of the reciprocal 
of the free-radical concentration against time was obtained with a 
half-life of 9.6 hr. 

The presence of free radicals in polysulfone films (of approxi- 
mately 85 cm' surface area) exposed to an NZ plasma a t  50 mTorr 
of NZ and 30 W power was also indicated by exposing such films to 
5 ml of 8 X M solutions of diphenylpicrylhydrazyl (DPPH). 
The polysulfoneBlm was degraded by the plasma treatment as 
indicated by a yellow cast to the film. Treatment of such a film 
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FREE RADICALS FROM PLASMA POLYMERIZATION 

with a solution of DPPH in CClr indicated that free radicals were 
present in the degraded portion of the film a t  a surface concentration 
of 2 X 1O1'/cm2 of film surface. Treatment of an identical film with 
a solution of DPPH in benzene indicated that there were also free 
radicals in the undegraded portion of the film, not accessible a t  the 
surface, and that the total number of free radicals in the film (both 
degraded and undegraded) was in excess of 3 X 1016/cm2 of film 
surface. Thus free radicals a r e  formed below the immediate 
surface of the film by the plasma treatment. 

46 1 

Polymerizable species were utilized in a glow discharge to form 
coatings on Pyrex tubes. Such species were used both alone and in 
combination with the nonpolymerizable gases, NZ and HzO. Results 
obtained for plasma exposures of 20 min to 1 h r  a re  given in Table 4. 
The change of the steady-state flow pressure due to a glow discharge 
is expressed in the table by 6 = P /P where P is the steady-state 
flow pressure in a glow discharge and PM is the steady-state flow 
pressure of the monomer (o r  monomer-gas mixture) before a glow 
discharge is initiated. Plasma precursors include various combina- 
tions of 4-picoline with NZ and HzO and the Nz-ethylene oxide and Nz- 
acetylene-HzO systems. 

The system 4-picoline with various gases has been studied at a 
variety of pressures, times, and combinations of components. 
These a re  seen to have very little effect on the concentration of 
radicals in the polymer coating with all data falling in the range 
1.0 to 2.5 X 10'' spins/g. The width of the ESR peak also changes 
very little from sample to sample, and the value observed, 15 G, 
is in the range quoted by Ingram [21] for radicals trapped in a 
hydrocarbon glass. The yield is affected, a s  expected, by the 
flow rate of the components [20, 22, 231. 

The data in Table 4 reveal the factors that determine the extent 
of free-spin formation in the Pyrex substrate. It may be noted that 
in no system studied does the glass free-spin signal increase with 
time. The spins a r e  apparently generated in the first  few minutes 
(Le., in a time period smaller than 20 min), and further alteration 
of the substrate is prevented by absorption of the UV radiation by 
the deposited polymer film. Support for this interpretation is found 
for the Nz-acetylene-HzO system given in Table 4 by results obtained 
using a sidearm tube on the plasma chamber. There was no physical 
barr ier  between the glass tube in the sidearm and the plasma, but 
the plasma did not penetrate into the sidearm a s  indicated by the 
absence of glow therein and by the fact that no film was deposited 
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462 MOROSOFF ET AL. 

TABLE 4. Unpaired Spins Detected in Deposited Film and Substrate after 

Duration ~ ~~ 

of glow Yield of Spin concen- 
discharge polymer tration in Components and 

PM of components Total PM treatment film polymer film 
in mTorr (mTorr)  (min) (mg/cmz) (spins/g x lo-'') 

4-picoline, NZ 
(30) (30) 60 

NZ , 4-picoline 50 

(30) (20) 

4-picoIine, NZ 32 

( 16) 

50) 50 

( 16) 

4-picoline 

4- picoline, 

(49) 

4-picoline, 

(25) 

Nz 98 

(49) 

Nz, ethylene oxide 60 

(30) (30) 

20 

40 

60 

20 

40 
60 

60 

60 

20 

20 

40 
60 

20 
40 
60 

20 
40 
60 

0.05 
0.11 
0.18 

0.03 
0.06 
0.09 

0.03 

0.10 

0.16 

0.05 
0.06 
0.14 

0. ooa 
0.016 
0.05 

0.03 
0.06 
0.07 

0.23 
0.20 
0.18 

0.20 
0.14 
0.11 

0.17 

0.20 

0.21 

0.19 
0.21 
0.24 

0.41 

0. ia 

aRate of film deposition per hour obtained from 20 min value. 
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FREE RADICALS FROM PLASMA POLYMERIZATION 463 

Glow-Discharge Treatments for Times 5 1 hr at 30 W Power 

Line width 
of ESR first 

(GI (spins/cma X lo-'') 6 = P /PM (mTorr) Fig. 7 

Code 
on P Spins near surface 

deriv. signal of glass substrate g 

16 
17 
16 0.4 0.15 9 B 

17 
15 
15 

0.5 
0.5 
0.5 

0.14 
0.11 
0.11 A 

C 17 0.75 0.12 3.8 

16 

15 

0.4 0.16 8 

60 

D 

Ea 0.1 0.61 

14 
16 
19 

0.7 

0.7 
0.8 

0.33 
0.33 
0.33 

20 
20 
20 F 

2. 5 
2. 5 
2.8 

1.0 
1.0 
1.0 

60 
60 
60 17 

3.1 
3.0 
3.3 

0.32 
0.32 
0.32 

19 
19 
19 16 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
9
:
3
1
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



464 MOROSOFF ET AL. 

in the sidearm even after 5 h r  of operation which left a heavy brown 
film on the walls of the rest of the apparatus. The glass radical 
signal was observed to increase with time of exposure in a manner 
similar to that shown in Fig. 3 for NZ plasma. Furthermore, the 
highest mean free-spin surface concentration obtained i s  5 X 10" 
spins/cm*, well above the 3 X lo'# spins/cmz given in Table 4. 
Once again, the latter value reflects a property of the plasma and 
polymer coating, not an upper limit to the free-spin surface con- 
centration which may be induced in the Pyrex substrate when 
exposed to UV. Decreasing the total pressure a s  in the case of 
[16 mTorr 4-picoline, 16 mTorr Nz] leads to a slower rate of 
polymer deposition and increasing glass free-spin signal; increasing 
the total pressure [49 mTorr 4-picoline, 49 mTorr Nz] has the 
opposite effect. 

A quantitative expression for these results may be developed 
a s  follows. 

If i t  is assumed that UV radiation is the sole cause for the 
radicals formed in the glass substrate, then the UV intensity for 
monochromatic light penetrating through the polymer coating is 
expressed by Beer 's  law, and the number of spins S generated 
after time t can be given by the expression t 

st = %  ( 1 - e  a r t )  

where k is a constant relating the rate of free-spin generation to the 
intensity impinging on the surface, r is the rate of polymer deposition 
on the surface, and a is the absorption coefficient. When a r t  is very 
large, Expression (1) reduces to 

S4) = kIo/ar 

indicating that after a certain thickness of coating is built up, no 
radiation reaches the substrate. In the case of a polychromatic 
radiation source of constant spectral composition, i t  would be expected 
that the quantity St would be expressed by a relationship somewhat 
more complex than Eq. (l), but it can be shown that S- can be simply 
expressed a s  

sm = r lo c ( 3 )  

where I. is the total intensity of the W radiation emitted by the 
plasma and C is a constant. To relate Eq. (3) to measured quantities, 
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FREE RADICALS FROM PLASMA POLYMERIZATION 465 

we may refer to Fig. 5 which implies that I. increases with pressure 
a t  low values of p Assuming that I. is directly proportional to p 
we may write g' g' 

Clearly the quantity S is that given in Table 4 as none of the glass 
free-spin concentrations change as a function of time. A plot of the 
number of f ree  spins induced in the glass tube against the quantity 
p /r is given in Fig. 7 for all 4-picoline systems described in 
Table 4. In the cases of systems in which 4-picoline and NZ gas 
a re  present in approximately 1: 1 concentration ratio and p is less 
than about 10 mTorr, Eq. (4) appears to describe the generation of 

g 

g 

0.8 - 

0.6 - 

I 
5 0  I00 150 

FIG. 7. Spin surface concentration of glass spins obtained after 
plasma treatment with all 4-picoline systems given in Table 4 plotted 
against p /r. p is the total pressure during plasma treatment and r 
is the rate of film deposition. 

g g 
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free spins in the substrate fairly well, The point for 49 mTorr 
4-picoline, 49 mTorr NZ (E) is well off the line, but p is so high 
in this case that we may expect that intensity is no longer propor- 
tional to p for this case. It is surprising that points D and F lie 
so close to the line drawn through A, B, C, and the origin, but at 
least for point F this may be caused by two compensating deviations 
from the assumptions leading to Eq. (4). 

Data obtained for glow discharges of a variety of monomers used 
to coat a Pyrex tube for a period of 1 hr, at 30 W power, are  given 
in Table 5. The buIk of the data is for the monomers acetylene and 
allene with the gases NZ , HzO, and CO either singly or  in various 
combinations. Data on various substituted disiloxanes and other 
monomers are also included. All investigations were carried out 
with PM in the range 65 to 40. The highest concentration of radicals 
in the polymer film is found for acetylene. Introduction of CO or  NZ 
as  a gas together with the acetylene monomer leads to a decrease in 
polymer spin concentration and an increase in the Pyrex free-spin 
signal. Introduction of water vapor with acetylene leads to an 
increase in p and in the rate of free-spin production in the sub- 

strate and a decrease in the trapped radical concentration to a 
level below the limit of detectability if the only gas added to the 
monomer is water. The above comments are  also generally 
applicable to the monomer allene-alone and in conjunction with 
other gases. 

As a general rule, the data in Table 5 indicate that low values 
of 6 are  associated with high trapped free-radical concentrations 
in the coatings and vice versa. This is consistent with the idea 
that low values of 6 are  associated with an elevated tendency to 
polymerize [22] which, in turn, is associated with an elevated 
population of free radicals in the plasma leading to a large trapped 
radical population in the polymer coating. Generally, systems with 
6 c 0.2 are associated with a trapped free-radical concentration of 
2 x 10'' spins/g or greater. Lesser free radical concentrations 
are observed if 6 is greater than 0.2. However, the Na-allene 
system does not follow this rule and neither do the 4-picoline + gas 
systems. In the latter case the trapped free-radical concentration 
appears to be remarkably insensitive to the addition of various 
gases and to the value of 6 .  

It may be noted that the ESR signal observed for the substituted 
disiloxanes is about 1/2 the width of the coatings obtained from the 
plasmas of carbon-based monomers. 

Inasmuch as all samples were placed in the ESR spectrometer 
cavity after exposure to air, it would be expected that all free 
radicals accessible at  the surface would have reacted with oxygen 

g 

g 

g 
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FREE RADICALS FROM PLASMA POLYMERIZATION 

before the ESR signal is obtained. An indication that the concentra- 
tion of such undetected free radicals is not large was obtained from 
an experiment in which a glass rod was subjected to an acetylene 
plasma. After turning off the power, the apparatus was evacuated 
and the polymeric coating formed was exposed to styrene vapor 
for 17 hr. There was no detectable difference in weight gain o r  
free-radical concentration between this sample and one prepared 
in identical fashion but exposed to vacuum instead of styrene vapor 
for 17 hr. 

It is expected that oxygen reacts rapidly with radicals a t  the 
surface of the polymeric film immediately after removal from the 
glow discharge apparatus. The trapped radicals that remain are 
very long lived. When a Pyrex tube is exposed to an acetylene 
glow discharge for 60 min at  30 W power and PM = 60 mTorr  and 
then placed in the ESR cavity, the decay is linear with log (t ime) 
for the period 1 to 340 hr  with a half-life of 45 hr. Even after 
9300 h r  (15 months), 13% of the original free-radical concentration 
remains. By contrast, the decay rate for a polysulfone film exposed 
to an Nz glow discharge is more rapid, as mentioned above. 

467 

SUMMARY 

1. Unpaired spins a re  generated on substrates exposed to the 
plasma of a nonpolymerizable gas such as NZ and are formed below 
the immediate surface of the substrate by UV emission from the 
plasma. 

2. ESR signals obtained from a plasma polymer (deposited onto 
a substrate) are generally obtained from unpaired spins in both the 
polymer deposit and in the substrate. The spin signal in the sub- 
strate,  SJ, is related to the UV emission intensity of the polymer- 
forming plasma, 10, and the rate of polymer deposition, r, by 

kIo s, = - (1 - a r  
e a r t )  

when k is a constant relating the rate of free spin generation to 
the intensity impinging on the surface, and a is the absorption 
coefficient of the polymer deposit. It is generally observed that 
S1 reaches a plateau value and becomes independent of the 
deposition time a s  predicted by the above equation. 

There is an apparent correlation between S1 and the spin 
concentration in the polymer deposit SZ;  i.e., the higher the 
Si the lower is the SZ and vice versa. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
9
:
3
1
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



T
A

B
L

E
 5

. 
U

np
ai

re
d 
Sp
in
s 

D
et

ec
te

d 
in

 P
ol

ym
er

 F
il

m
s 

an
d 

S
ub

st
ra

te
s 

af
te

r 
G

lo
w

-D
is

ch
ar

ge
 T

re
at

m
en

ts
 f

or
 1

 h
r 

at
 3

0 
W

 P
ow

er
 

R
at

e 
of

 
Sp

in
 c

on
ce

n-
 

L
in

e 
w

id
th

 
P

 
T

ot
al

 
po

ly
m

er
 

tr
at

io
n 

in
 

of
 E

SR
 

Sp
in

s 
ne

ar
 s

ur
fa

ce
 

C
om

po
ne

nt
s 

an
d 

P
M

 of
 c

om
po

ne
nt

s 
in

 m
T

or
r 

(m
T

or
r)

 
(m

g/
cm

" 
h

r)
 

(s
pi

ns
/g

 X
 
10

'") 
si

gn
al

 (
G

) 
(s

pi
ns

/c
m

z 
X

 
6 

=
 P

d
P

M
 

(m
T

or
r)

 
p
M
 

de
po

si
ti

on
 

po
ly

m
er

 f
il

m
 

fi
rs

t d
er

iv
. 

of
 g

la
ss

 s
ub

st
ra

te
 

g
 

A
ce

ty
le

ne
 (

81
) 

A
ce

ty
le

ne
 (

60
) 

A
ce

ty
le

ne
 (

40
) 

N
a ,

 
ac

et
yl

en
e 

(3
0)

 
(3

0)
 

A
ce

ty
le

ne
, 

Hz
O 

(3
0)

 
(2
0)
 

(2
0)
 (
30
) 

( 1
0)

 

C
O

, 
ac

et
yl

en
e 

(2
0)

 
(3
0)
 

C
O

, 
ac

et
yl

en
e,

 
H

zO
 

(2
0)

 
(3

0)
 

( 1
5)

 

A
ll

en
e 

(4
0)

 

Nz
, 

al
le

ne
 

(3
0)

 
(3

0)
 

Nz
, 

ac
et

yl
en

e,
 
HZ
O 

8
1

 

60
 

40
 

60
 

50
 

60
 

50
 

65
 

40
 

60
 

0.
09
 

0.
04

 

0.
02

 

0.
02
 

0.
05

 

0.
07

 

0.
 ls

a 

0.
 1

4a
 

0.
05

 

0.
09
 

4.
8 

7.
4 

6.
5 

3.
3 - 0.
18

 

4.
1 

0.
29
 

2.
0 

0.
18

 

16
 

18
 

16
 

16
 - 16
 

16
 

12
 

20
 

19
 

0.
6 

0.
3 

3.
8 

2.
7 

2.
1 

1.
1 

0.
8 

0.
10

 
8 

0.
12

 
7 

0.
10

 
4 

0.
08

 
5 

0.
79

 
40

 

0.
37

 
22
 

0.
10

 
5 

1.
3 

84
 

0.
20
 

8 

0.
12
 

7 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
9
:
3
1
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



A
ll

en
e,

 
H

zO
 

(3
0)
 

(2
0

) 
50
 

0.
04
 

- 
N

z,
 

al
le

ne
, 

Hz
O 

(2
0)

 
(3
0)
 

(1
5)
 

65
 

0.
03
 

1.
1 

(2
0)
 (
30
) 

(1
0)
 

60
 

0.
08
 

0.
21
 

N
z,

 
al

le
ne

, 
H

zO
 

- 
3.
6 

0.
90
 

45
 

18
 

2.
0 

18
 

1.
3 

0.
50
 

32
 

0.
25
 

15
 

E
th

yl
en

e 
(4
0)
 

40
 

0.
02
 5 

0.
7 

21
 

3.
7 

0.
55
 

22
 

B
en

ze
ne

 (
40
) 

40
 

0.
06
6 

2.
2 

19
 

0.
6 

0.
10

 
4 

T
et

ra
fl

uo
ro

et
hy

le
ne

 (
40
) 

40
 

0.
01
1 

- 
- 

8.
7 

0.
90
 

36
 

Pr
op

io
ni

c 
ac

id
 (
40
) 

40
 

0.
01
3 

- 
- 

6.
9 

2.
30
 

92
 

E
th

yl
en

e 
ox

id
e 
(4
0)
 

40
 

0.
08
9 

- 
- 

7.
2 

1.
5 

60
 

N
z,

 h
ex

am
et

hy
l 
(3
0)
 

di
si

lo
xa

ne
 (
30
) 

60
 

0.
22
 

0.
04
 

6 
- 

T
et

ra
m

et
hy

l 
di

si
lo

xa
ne

 (
40
) 

40
 

0.
12
 

0.
07
 

7 
- 

D
iv

in
yl

 t
et

ra
m

et
hy

l 
di

si
lo

xa
ne

 (
40
) 

40
 

0.
38
 

0.
06
 

6 
- 

1.
1 

66
 

1.
15
 

46
 

0.
70
 

28
 

a T
he

 a
bn

or
m

al
ly

 h
ig

h 
po

ly
m

er
 d

ep
os

it
io

n 
ra

te
 o

bs
er

ve
d 

fo
r 

th
is

 s
am

pl
e 

is
 n

ot
 a

 c
ha

ra
ct

er
is

ti
c 

of 
m

on
om

er
 a

nd
 g

as
 u

se
d 

bu
t 

ca
us

ed
 b

y 
th

e 
fa

ct
 t

ha
t 

th
is

 s
am

pl
e 
wa
s 

ru
n 

on
 a

 s
li

gh
tl

y 
di

ff
er

en
t 

ap
pa

ra
tu

s.
 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
9
:
3
1
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



470 

A C K N O W L E D G M E N T S  

MOROSOFF ET AL. 

Data presented in this paper are the results of work supported 
by the National Heart and Lung Institute, NIH, U.S. Department of 
Health, Education, and Welfare, Contract No. N01-HB-3-2918. 
The authors are indebted to Dr. Heinz Olf for valuable comments. 

R E  F E  R E  N C E S  

[l] M. Millard, "Synthesis of Organic Polymer Films in Plasmas," 
in Techniques and Applications of Plasma Chemistry (J. R 
Hollahan and A. T. Bell, eds.), Wiley, New York, 1974. 

[2] J. P. Wightman and N. J. Johnston, Adv. Chem. Ser., so, 
2317 (1969). 

31 D. D. Neisevender, c., so, 338 (1969). 
41 F. J. Vastola and J. P. Wightman, J. Appl. Chem., 3, 69 

(1964). 
[5] L. S. TUZOV, k B. Gilman, A. N. Shchwov, and V. M. 

Kolotyrkin, Vysokomol. Soedin., Ser. A, 9, 2414 (1967). 
[6] S. Morita, T. Mizutani, and M. Leda, Japan. J. Appl. Phys., 

10, 1275 (1971). 
[7] x. Millard, J. J. Windle, and A. E. Pavlath, J. Appl. Polym. 

[8] EYaTuda,  "Plasma Polymerization," in The S thesis of 
New Polymers: Modern Methods (N. Yo&- 
New York, In Press. 

[9] P. L. Kronick. K. F. Jesch, and J. E. Bloor, J. Polym. Sci., 

'lo] G k - h e s t e n b e r g ,  Science, 164, 381 (1969). 

t 

Sci., 17, 2501-2507 (1973). 

A-1 7 767 (1969). 

S. N. Forrer ,  Ibid., 143, 441x964). 
N. Jonathan, C s m .  G. Ann. Rep., A, 66, 152 (1969). 
M. A A. Clyne, w., 65, 167 1968r - 

151 A. R Westwood, Eur. Polym. J., 1, 3m (1971). 
'161 R H. Hansen and H. Schonhorn, J. Polym. Sci., z, 203 

(1966). 
[17] M. Hudis, "Plasma Treatment of Solid Materials," in 

Techniques and Applications of Plasma Chemistry (J. R 
Hollahan and A. T. Bell, eds.), Wiley, New York, 1974. 

[18] M. Hudis and L. E. Prescott, J. Polym. Sci., Polym. Lett. 

19 K ' h a s ,  J. Appl. Polym. Sci., l6, 2397 (1972). 
20 H. Yasuda and C. E. Lamaze, w., 2, 2277 (1971). 

F. Kaufman, AM. Rev. Phys. dhem., 20, 45 (1969). 

~ Ed 10, 179 (1972). 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
9
:
3
1
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



FREE RADICALS FROM PLASMA POLYMERIZATION 471 

[21] D. J. E. Ingram, Free Radicals as Studied by Electron Spin 
Resonance, Butterworths, London, 1958. 

[22] H. Yasuda and C. E. Lamaze, 3. Appl. Polym. Sci., E, 1519 
(1973). 

[23] H. Yasuda and C. E. Lamaze, Ibid., 17, 1533 (1973). 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
9
:
3
1
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1


