This article was downloaded by:

On: 25 January 2011

Access details: Access Details: Free Access
Publisher Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Journal of Macromolecular Science, Part A
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713597274

Free Radicals Resulting from Plasma Polymerization and Plasma

Treatment
N. Morosoff*; B. Crist®; M. Bumgarner? T. Hsu® H. Yasuda®
* Camille Dreyfus Laboratory Research Triangle Institute Research, North Carolina

To cite this Article Morosoff, N., Crist, B., Bumgarner, M. , Hsu, T. and Yasuda, H.(1976) 'Free Radicals Resulting from
Plasma Polymerization and Plasma Treatment', Journal of Macromolecular Science, Part A, 10: 3, 451 — 471

To link to this Article: DOI: 10.1080/00222337608061192
URL: http://dx.doi.org/10.1080/00222337608061192

PLEASE SCROLL DOWN FOR ARTICLE

Full ternms and conditions of use: http://ww.informworld.confterns-and-conditions-of-access. pdf

This article nay be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, |loan or sub-licensing, systematic supply or
distribution in any formto anyone is expressly forbidden.

The publisher does not give any warranty express or inplied or make any representation that the contents
wi |l be conplete or accurate or up to date. The accuracy of any instructions, fornulae and drug doses
shoul d be independently verified with prinmary sources. The publisher shall not be liable for any |oss,
actions, clainms, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.



http://www.informaworld.com/smpp/title~content=t713597274
http://dx.doi.org/10.1080/00222337608061192
http://www.informaworld.com/terms-and-conditions-of-access.pdf

09: 31 25 January 2011

Downl oaded At:

J. MACROMOL. SCI.—CHEM., A10(3), pp. 451-471 (1976)

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

ABSTRACT

A glass tube is subjected to plasma treatment (non-
polymerizable plasma) or plasma coating (polymerizable
plasma). Unpaired spins generated in the glass substrate
alone, and in both substrate and coating for the second
case, are detected by ESR. It is shown that for both
polymerizable and nonpolymerizable plasmas the sub-
strate's unpaired spins (glass radicals) are 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 are
related to high levels of UV intensity in the plasma.
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Free radicals have been detected in films deposited from a
plasma onto a substrate [1-7] and are attributed, at least in part,
to the high population of free radicals in the plasma [1, 8-15], the
precursors of the polymeric coating. These plasma free radicals
are 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.

Unpaired spins have also been observed on surfaces treated with
glow discharges which form no deposit [16]. Their formation has
been ascribed to the impingement of energetic particles on the
surface [1, 16] and to UV radiation from the plasma [1, 17-19].
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.

In this work we detect the presence of trapped free-radicals in a
glass (Pyrex) substrate, as well as in the polymer coating, when
one is formed by the use of electron spin resonance (ESR). The
choice of a glass substrate was made as glass radicals yield a
complicated ESR spectrum easily distinguishable from the singlet
obtained for trapped radicals in a polymer coating.

EXPERIMENTAL

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 or
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 are
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 or 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 or plasma-coated glass tube is
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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.

RESULTS AND DISCUSSION

Unpaired Spins Generated in a Pyrex Tube by

Nonpolymerizable Species

Treatment of a glass tube with glow discharges from nitrogen
or 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 N, 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.
The mechanism of free-spin formation in the glass is of interest.
Hansen and Schonhorn [16] have observed free radicals (by ESR)
and cross-linking in polyethylene subjected to inert gas, hydrogen,

MONOMER

J
«— —_—
= =

3

VAC

PYREX TUBES'
for ESR R.F 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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308

FIG. 2. ESR spectrum of radicals formed by treatment of a
glass tube with N, plasma at a pressure of 12 mTorr Nz, 30 W power
for 5 min with subsequent exposure of the tube to air.

or nitrogen plasma. Hudis [17-19] 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 N, 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 are shown in Table 1 and demonstrate that at 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 N;, 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 UV radiation at 2000 A and below,



455

FREE RADICALS FROM PLASMA POLYMERIZATION

0 A (119 2 aqny zyxenb aprsuy
£t 021 (119 0% aqnj zjxenb apisul
v°2 G°L9 0e 16 aqny zjrenb spisuy
11 £°¢e 0¢ 0% aqnj zjrenb apisul
12 4 G°LY 0¢ 0S Ja11xeq Z)xenb ou ‘joxrjuo)

¢1-0T X NEo\mEnm (utur) (m) (xx0J,ur) arduwreg
aurty, Jamod aanssaxd
rvwseld °N

ue 0j pa32alqng pue AgnL ZIENY B UTHIM Paso1douqg poy Ssen) ® uo suidg Jo uonerausn ‘1 FIAVLE

1102 Alenuer sz 1€ :60

v pspeo jumog



MOROSOFF ET AL,

456

‘sjTun hn«.SB.qu

ewiserd
0} A130311p pasodxad
aqgn) ssel3 aaeq ‘[oIjuo)

L8 1
g1 g 1I10% 8L9 ‘%O 7end
(A g 1I0%, %99 ‘*N z7aend)
0 € e [ ‘aty SSero
01 £ wye | ‘ary Z)rend
0 e 1103, ,_0T ‘WNNOEA SSB[H
I1¥v¥ [ 110%, 0T X G ‘wnndeA Z)Iend)
g M'E) (ay) Juauryeaxs 1e9s papeasd 1e3s papeas jo puld
£1suadjur ewseld jo auILy, aprsul aanssaxd pue sen
Teusis

ewseld N ue 0} pajoalqng pue

‘Spud YjO€ J& PISO) ‘[EaS PIPEID B UTYIIM PISO[IUF SgnL SSED © U0 suldg Jo UonEIduan ‘g HTAV.L

1102 Alenuer Gz TE€:60 @IV Papeo |uwog



09: 31 25 January 2011

Downl oaded At:

FREE RADICALS FROM PLASMA POLYMERIZATION 457

leading to some 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 A is responsible for

at least half of the free spins generated in a glass rod by an N

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 are generated at a
reduced rate. The data presented in Figs. 4 to 6 was obtained from
samples exposed to the N; 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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FIG. 3. Spin surface concentration of the glass spins plotted
against time of glow discharge treatment. Conditions of treatment
are an initial N; pressure of 50 mTorr and power of 30 W.



09: 31 25 January 2011

Downl oaded At:

458 MOROSOFF ET AL.

/-o_

%] (o]
g.-.

L]
0% 21
O x o

*
s |/
[
=3 o]
m‘\:|1

s ']
z 2z
o a
% 9

(o]

40 80 120
POWER (WATTS)
FIG. 4. Spin surface concentration of the glass spins plotted

against power used in the glow discharge treatment. The initial

pressure of N: was kept constant at 50 mTorr; the time of treatment
was 5 min.
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FIG. 5. Spin surface concentration of the glass spins plotted
against initial pressure of Nz 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 UV radiation emitted by plasma above about 60 W power.
However, a free-spin concentration of 6.3 X 10%® spins/cm2 was
observed for a glass tube exposed to a 50 mTorr, 120 W plasma for



09: 31 25 January 2011

Downl oaded At:

FREE RADICALS FROM PLASMA POLYMERIZATION 459

1204 (o]

~90-+

2 o .

5 A

z ° -~

~ 60— /,’

[+ 4 ,/’

w -

3 _-0

304 [o} /,,”
—"‘D"’

o 0= 4 X l }

30 60 90 120

N, PRESSURE (uHg)

FIG. 6. Plot of the reaction conditions required to fill the
reaction chamber (dotted line), as ascertained visually, and {full
line) to attain the maximum ESR signal intensity in a Fig. 5-type
plot as applied to the data in Table 3.

10 min as opposed to the value of 2.5 x 10*® spins/cm® 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
at higher pressures. Figures 4 and 5-type plots can be obtained for
a wide range of constant pressure and powers, respectively, as seen
in Table 3. These are ESR signal intensities obtained after 5 min
treatments of Pyrex tubes at a variety of N; 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 as ascertained visually.

The power-pressure combinations that are required for the latter
are 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 N; pressures. The plots are similar in shape
although the solid line is at 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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TABLE 3. ESR Signal Intensity (of Pyrex Glass) as a Function of N:
Pressure and rf Power (spins/cm?® X 10~'%)

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 17 2.6

120 0.32 1.4 L5 1.9

coil followed by a "tip" of diminishing UV intensity at greater
distances from the coil. Figure 4 is then explained as 2 movement
of the "tip" of the "tail-flande' 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 UV radiation is emanated, rather

than to increase the intensity or energy of this UV radiation at a
given point in the "tail-flame."

1t 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 [16] and of Hudis
[17-19]. It is also supported by our own observations on a glass
tube coated with polysulfone and then exposed to an N: plasma at
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 N: plasma at 50 mTorr
of Nz and 30 W power was also indicated by exposing such films to
5 ml of 8 X 107% M solutions of diphenylpicrylhydrazyl {DPPH).

The polysulfone film was degraded by the plasma treatment as
indicated by a yellow cast to the film. Treatment of such a film
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with a solution of DPPH in CCl, indicated that free radicals were
present in the degraded portion of the film at a surface concentration
of 2 X 10**/cm® 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 at the
surface, and that the total number of free radicals in the film (both
degraded and undegraded) was in excess of 3 X 10'®/cm?® of film
surface. Thus free radicals are formed below the immediate
surface of the film by the plasma treatment.

Unpaired Spins Generated on a Pyrex Tube by
Polymerizable Species and Trapped Free Radicals
in the Polymer Coating

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, N: and H20. Results
obtained for plasma exposures of 20 min to 1 hr are given in Table 4.
The change of the steady-state flow pressure due to a glow discharge
is expressed in the table by § = Pg/PM’ where P g is the steady-state

flow pressure in a glow discharge and P, , is the steady-state flow

M
pressure of the monomer (or monomer-gas mixture) before a glow
discharge is initiated. Plasma precursors include various combina-
tions of 4-picoline with N2 and HzO and the N:z-ethylene oxide and Na-
acetylene-H20 systems.

The system 4-picoline with various gases has been studied at a
variety of pressures, times, and combinations of components.

These are 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, as expected, by the
flow rate of the components [20, 22, 23].

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 are apparently generated in the first few minutes
(i.e., 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-H20 system given in Table 4 by results obtained
using a sidearm tube on the plasma chamber. There was no physical
barrier between the glass tube in the sidearm and the plasma, but
the plasma did not penetrate into the sidearm as indicated by the
absence of glow therein and by the fact that no film was deposited
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TABLE 4. Unpaired Spins Detected in Deposited Film and Substrate after

Duration
of glow Yield of Spin concen-
gomgfo::‘g;tsoiz?xts Total P discharge polymer tration in
M P M treatment film polymer film
in mTorr (mTorr) (min) (mg/cm?) (spins/g X 107%)
4-picoline, N:
(30) (30) 60 20 0.05 0.23
40 0.11 0.20
60 0.18 0.18
Nz, 4-picoline 50 20 0.03 0.20
(30) (20) 40 0.06 0.14
60 0.09 0.11
4-picoline, N 32 60 0.03 0.17
(16) (16)
4-picoline (50) 50 60 0.10 0.20
4-picoline, N; 98 20 0.16 0.21
(49) (49)
4-picoline, N2, Hz:0 60 20 0.05 0.19
(25) (25) (10) 40 0.06 0.21
60 0.14 0.24
Nz, ethylene oxide 60 20 0.008
(30) (30) 40 0.016
60 0.05 0.41
Nz, acetylene, H:O 60 20 0.03
(20) (30) (10) 40 0.06
60 0.07 0.18

3Rate of film deposition per hour obtained from 20 min value.
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Glow-Discharge Treatments for Times < 1 hr at 30 W Power
Line width
of ESR first Spins near surface P Code
deriv. signal of glass substrate g on
(G) (spins/em? x 107'%) & = Pg/PM (mTorr) Fig. 7
16
17
16 0.4 0.15 9 B
17 0.5 0.14
15 0.5 0.11
15 0.5 0.11 A
17 0.75 0.12 3.8 C
16 0.4 0.16 8 D
15 0.1 0.61 60 EZ
14 0.7 0.33 20
16 0.7 0.33 20
19 0.8 0.33 20 F
2.5 1.0 60
2.5 1.0 60
17 2.8 1.0 60
3.1 0.32 19
3.0 0.32 19
16 3.3 0.32 19
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in the sidearm even after 5 hr 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 N; plasma. Furthermore, the
highest mean free-spin surface concentration obtained is 5 X 10'®
spins/cm?, well above the 3 X 10'® spins/cm?® 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 as 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 N: | has the
opposite effect.

A quantitative expression for these results may be developed
as follows.

If it 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

5, = S0 (1- ¢

t (1)

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 art is very
large, Expression (1) reduces to

S, = klo/ar (2)

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, it would be expected
that the quantity St would be expressed by a relationship somewhat

more complex than Eq. (1), but it can be shown that S _, can be simply
expressed as

=5
S, =3 C (3)

o)

where I; is the total intensity of the UV radiation emitted by the
plasma and C is a constant. To relate Eq. (3) to measured quantities,
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we may refer to Fig. 5 which implies that I, increases with pressure
at low values of p_. Assuming that I, is directly proportional to p ,
we may write &

p
= ' _8
s =¢C T (4)

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 free spins induced in the glass tube against the quantity
pg/ 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
are present in approximately 1:1 concentration ratio and pg is less

than about 10 mTorr, Eq. (4) appears to describe the generation of

pi 0
0.8 )
C
S
" 06
o
oo A
o % o
5 o B
& Eoaf o 0
3 < b
[72]
z z
5 &
0.2}
O
1 1 1
50 100 150

Py/" (MILLITORR-CMZHR/6M)

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

is the rate of film deposition.
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free spins in the substrate fairly well. The point for 49 mTorr
4-picoline, 49 mTorr N; (E) is well off the line, but pg is so high

in this case that we may expect that intensity is no longer propor-
tional to pg 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 bulk of the data is for the monomers acetylene and
allene with the gases Nz, H.O, 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 N
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 e 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 § are associated with high trapped free-radical concentrations
in the coatings and vice versa. This is consistent with the idea
that low values of 8 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 = 0.2 are associated with a trapped free-radical concentration of
2 x 10'° gpins/g or greater. Lesser free radical concentrations
are observed if 6 is greater than 0.2. However, the Nz-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 3.

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



09: 31 25 January 2011

Downl oaded At:

FREE RADICALS FROM PLASMA POLYMERIZATION 467

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 or
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 at 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 (time)
for the period 1 to 340 hr with a half-life of 45 hr. Even after

9300 hr (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.

SUMMARY

1. Unpaired spins are generated on substrates exposed to the
plasma of a nonpolymerizable gas such as N; 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, S;, is related to the UV emission intensity of the polymer-
forming plasma, Io, and the rate of polymer deposition, r, by

_ klo art
S;-E(l-e )

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
Sireaches a plateau value and becomes independent of the
deposition time as predicted by the above equation.

There is an apparent correlation between S; and the spin
concentration in the polymer deposit Sz; i.e., the higher the
S:the lower is the S: and vice versa.
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