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ABSTRACT The oil produced in a plasma sustained in methyl methacrylate (MMA) can serve as an initiator 
for free radical polymerization of MMA. In this study, ESR spectroscopy and the spin-trap method have 
been used to  establish that the radicals produced upon thermal decomposition of the plasma-produced oil 
are part of bulky structures, centered on tertiary carbon atoms, and that the difference between the activation 
energy for generation and termination of free radicals is only 9 kcal/mol. It is postulated that this unusually 
low activation energy difference is due to strong repulsive forces in the oil molecules, resulting from a very 
congested molecular structure. 

Introduction 
Osada et al.' have reported that addition-polymerization 

initiators can be formed in the low-pressure plasma (or 
glow discharge) of certain vinyl compounds. Subsequently, 
other reports of this phenomenon have appeared with both 
vinyP5 and ~ a t u r a t e d ~ , ~  compounds. With methyl meth- 
acrylate (MMA), it has been established that the initiator 
is present in a nonvolatile oily deposit formed on the walls 
of the plasma zone.2 A recent study7 that used this oil to 
initiate MMA polymerization established that the oil 
generates initiating free radicals unimolecularly. The in- 
itiator is not a single compound, since size exclusion 
chromatography yields fractions, all of which are effective 
as initiators. While their effectiveness varies, the activation 
energy for radical generation is about the same for each 
fraction and close to that for the unfractionated oil. A 
structural characterization of the plasma-produced oil has 
revealed8 that its molecular weight is about 500 and it does 
not resemble PMMA oligomers. The oil contains about 
6% olefinic carbon atoms and about half the oxygen of 
MMA-most of it is in the starting methyl ester form. In 
the present study, the structure of the free radicals gen- 
erated by the oil and the activation energy for their gen- 
eration were investigated with ESR spectroscopy and the 
spin-trap method. On the basis of the results obtained, 
it is postulated that the unusually low activation energy 
for free radical formation is a consequence of steric re- 
pulsions in the oil molecular structure. 

Experimental Section 
The system and conditions employed to produce and collect 

the nonvolatile oily product of a MMA plasma were those pre- 
viously d e ~ c r i b e d . ~  The discharge was created with two paral- 
lel-plate electrodes (10 cm X 15 cm and 1.4 cm apart) placed 
outside a 0.9-cm-0.d. glass tube through which MMA vapor was 
flowing a t  a pressure of -9 torr and with a residence time of 4-9 
s. The power was 40 W and the frequency 13.56 MHz. The oily 
deposit dripped from the plasma zone into a collection vessel. 
Several grams were collected in 1-3.5 days. 

Electron spin resonance (ESR) spectra were recorded with a 
Varian 4502 system equipped with a 9-in. magnet and operating 
a t  -9 GHz. The exact frequency was measured with a Hew- 
lett-Packard 5255A frequency converter attached to a Hewlett- 
Packard 5245L electronic counter. The magnetic field was 
modulated a t  a frequency of a 100 kHz with a Varian V-4560 
modulation and control unit. Sample tubes were placed in a 
Varian-4531 microwave cavity. For variable-temperature oper- 
ation, the sample was placed in a quartz Dewar that extended 
through the cavity. 

Present address: Allied Corporation, Morristown, NJ  07960. 

0024-9297/86/2219-1436$01.50/0 

Wilmad 707 SQ (4.0-mm-o.d., 3.0-mm4.d.) quartz ESR tubes 
were used. The tubes were cleaned by repeated rinsing with 
acetone and then dried in an oven. After the tubes had cooled, 
a rubber serum stopper was placed over the open end of each tube 
to prevent the entry of dust. No tube was used more than once 
with an oil-containing solution. 

Samples of undiluted plasma-produced oil were added to  the 
bottom of ESR tubes with a 12-in. syringe needle. This procedure 
ensured that there would be no oil adhering to  the walls of the 
ampule at the point where it was to be sealed. Any such oil would 
be charred during sealing and possibly produce free radicals. 
Samples for spin-trapping experiments were prepared as follows. 
First, trap/ benzene and plasma-produced oil/benzene solutions 
were prepared in 25-mL glass-stoppered Ehrlenmeyer flasks. 
These solutions were stored on dry ice until needed. On the day 
of an experiment, these solutions were thawed, and the desired 
volume of each was added to  an ESR tube. The sample was then 
degassed on a vacuum manifold capable of torr by three or 
more applications of the freeze-evacuate-thaw procedure. The 
tube was then sealed under vacuum with a torch. 

Three different spin-trap molecules were used: (1) N-tert- 
butyl-a-phenylnitrone (PBN), (2) 2-methyl-2-nitrosopropane 
(NtB), and (3) 5,5-dimethyl-l-pyrroline-N-oxide (DMPO). All 
three were purchased from Aldrich Chemical Co. and used as 
received. To avoid their photodegradation, these compounds were 
handled with minimal exposure to  light. Since DMPO is also 
oxygen sensitive, i t  was handled in a nitrogen-filled glovebag. 

The magnetic field scan was calibrated and free radical g values 
were determined by reference to  a spectrum, taken on the same 
day, of 2,2,6,64etramethylpiperidinooxy (TEMPO) (purchased 
from Aldrich Chemical Co.) dissolved in benzene. This solution 
was degassed and sealed as previously described. The g value 
of this stable free radical in benzene was estimated to be 2.0061 
A O.OOO4, based on data in other solvents?JO Three different values 
for the nitrogen hyperfine splitting constant, aN,  of TEMPO have 
been reported9J1~'* ranging from 15.12 to 15.4 G. The most recently 
reported value," 15.3 G, was for this study. 

Solutions of TEMPO in benzene were also used for experiments 
in which either the absolute or relative free radical concentration 
was to be determined. All tubes to be used in these experiments 
were filled with a 1.6 X lo4 g/mL solution of TEMPO in benzene, 
and ESR spectra were recorded for each under identical operating 
conditions. In this way, the influence of variations in sample tube 
diameter and wall thickness on the intensity of the TEMPO signal 
was evaluated. The tubes were then emptied, rinsed 5 times with 
toluene and twice with acetone, and oven dried. When the spectra 
of oil-containing samples in these tubes were recorded, they were 
always put in the same position in the microwave cavity that they 
had been in when they were f i e d  with TEMPO. Sufficent sample 
was added to each tube (>5-cm liquid height) so that any dif- 
ference in the amount added had no effect on relative sensitivities. 
Relative concentrations of the same free radical in different tubes 
could then be evaluated by comparing peak heights (adjusted for 
differences in tube sensitivity) in their ESR spectra recorded under 
identical conditions. 
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Figure 1. ESR spectrum of plasma-produced oil taken at 132 
"C. 

The accuracy with which a change in the free radical concen- 
tration in a tube could be measured depended on the time scale 
over which the change occurred. This accuracy was gauged by 
measurements on a TEMPO sample (in which the free radical 
concentration is constant). It was found that ESR spectrum from 
this sample was reproducible to  within a few percent if spectra 
were recorded within an hour or so of one another. However, day 
to day, the standard deviation in peak height was 20% of the 
mean. 

For one spin-trapping sample, the absolute number of free 
radicals was determined. To do this, the sample and a tube 
containing a TEMPO solution were run one &r the other under 
identical operating conditions. The operating conditions were 
chosen to ensure that neither sample would be saturated or ov- 
ermodulated. Thus, the modulation was reduced to N ~ / ~ ~  of the 
line width (peak to peak distance, AHpp),  and the power was 
reduced until the peak height was proportional to the square root 
of the power.13 The spectrometer resolution and scan time were 
also adjusted so that no distortion of the spectra occurred. The 
first-derivative spectra were converted to absorption spectra by 
graphical integration. The total absorption area in each spectrum 
was, under these spectrometer conditions, a relative measure of 
the radical concentration in each tube. Since the concentration 
of free radicals in the TEMPO-containing tube was known, the 
concentration in the spin-trapping sample could be determined. 

Results 
Direct Detection of Free Radicals. An ESR spectrum 

of a degassed and sealed sample of plasma-produced oil, 
taken at room temperature, showed no absorption, indi- 
cating that the free radical concentration in the oil was 
below the detectable limit (2 X lo-' M) at this temperature. 
Since previous  investigation^^.^ had shown that the gen- 
eration of free radicals from plasma-produced oil is a 
thermally activated process, the ESR experiments were 
repeated at  elevated temperatures. Figure 1 shows a 
spectrum taken at 132 "C. The g value of the absorption 
is 2.0057 f 0.0008 based on TEMPO as a reference ma- 
terial (g = 2.0061 f 0.0004). This value of g is higher than 
that of most hydrocarbon radicals (g = 2.0023 to 2.00314) 
but well within the range for substituted hydrocarbon 
radicals. The assignment of the observed radical to peroxyl 
radicals can be excluded since the g value for such species 
is usually greater than 2.01. 

The spectrum in Figure 1 exhibits only a single peak 
with no hyperfine splitting. This is typical of ESR spectra 
of plasma-produced organic and is prob- 
ably due to the overlap of many signals with different 
numbers of peaks and hyperfine splitting constants, but 
only slightly different g values. The line width (AHpp, 
peak-to-peak separation) of the ESR signal from the 
plasma-produced oil is 10 G at 75 and 132 "C. This is the 
true line width; it is neither modulation nor saturation 
broadened. Similar line widths (2.63-18 G) have been 
reported in other studies of plasma-produced organic 
radicals.16-18 

When ESR measurements were carried out at various 
temperatures, it  was observed that the signal intensity at 
each temperature was reproducible and independent of 
time. This indicates that an equilibrium free radical 
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Figure 2. Free radical concentration (in arbitrary units, AU) in 
the plasma-produced oil vs. 1/ T. 

concentration is achieved at  each temperature. A plot of 
the relative free radical concentration vs. 1 / T  is shown in 
Figure 2. The overall activation energy for the free radical 
concentration, EA, determined from the slope of the line 
in this figure is 4.5 kcal/mol. The value of EA is related 
to the activation energies for radical generation, Ei, and 
radical consumption, E,, as follows. On the basis of a 
study7 of the kinetics of polymerization of MMA initiated 
by the plasma-produced oil, it is known that the processes 
of free radical generation and consumption can be repre- 
sented by 

I - 2R. (1) 

2R. 4 P (2) 
where I is the initiator (plasma-produced oil) and P is a 
nonradical termination product. The free radicals, Re, may 
be situated on a single molecule. At steady state 

ki 

kt 

-- - 0 = 2ki[I] - 2kt[R*l2 
d LR.1 

dt  (3) 

Solving eq 3 for [R.] gives 

[R.] = ((ki/kJII]jl'z (4) 

The overall activation energy is therefore related to Ei and 
E, by 

or 

EA = (Ei - E J / 2  (6) 

Since EA = 4.5 kcal/mol, (Ei - E,) = 9 kcal/mol. This 
value of (Ei - E,) is close to that determined from the 
kinetics of MMA polymerization, 12.4 kcal/m01.~ 

Detection of Trapped Free Radicals. ESR spectra 
of the plasma-produced oil yielded little information about 
the molecular structure of the free radicals generated. To 
investigate the structure of these radicals and also the 
kinetics of their generation, a technique known as spin- 
trapping was used. In this method, short-lived radicals (R.) 
are converted to long-lived or stable radicals by reaction 
with molecules (T) containing nitroso or nitrone functional 
groups (referred to as spin traps). The stable radicals 
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Table I 
Samples for Spin-Trapping ESR Experiments 

plasma-produced spin trap 
oil concn, concn, 

sample" g/mL M spin trap 
4A 37.9 587 NtB 
15A 37.9 66.1 
3A 37.9 6.01 
17B 0 66.1 
9A 44 7.3 PBN 
10A 44 0.67 
14A 0 14.7 
L - 50 136 
J 0 571 
G - 30 - 440 DMPO 
K 0 -440 

"Benzene was the solvent in each case. 

Table I1 
Hyperfine Splitting Constants of Spin Adducts Formed by 

Reaction with NtB of Free Radicals Generated by the 
Plasma-Produced Oil 

spin adduct aN, G aH, G no. of peaks 
1 14.7 f 0.2 9.7 f 0.2 9 
2 14.8 f 0.3 3 
3 13.5 f 0.4 3 

produced are nitroxides (R,N(0)R2) and are termed spin 
adducts. 

R. + T - R-T. (7) 
reactive spin spin 
radical trap adduct 

Experiments were conducted with three different spin 
traps: (i) 2-methyl-2-nitrosopropane (NtB), (ii) N-tert- 
butyl-a-phenylnitrone (PBN), and (iii) 5,5-dimethyl-1- 
pyrroline-N-oxide (DMPO). 

(i) 2-Methyl-2-nitrosopropane (NtB). To study the 
kinetics of free radical generation from the plasma-pro- 
duced oil, it is necessary that the trapping reaction (re- 
action 7)  be very fast relative to any other radical de- 
struction reactions. Only when this is the case will the 
increase in the spin-adduct signal with time be an accurate 
measure of the radical generation rate. The trapping re- 
action is sufficiently fast if the rate of spin adduct pro- 
duction is independent of the spin-trap concentration.20 

To see if the spin-trapping reaction is sufficiently fast, 
three samples were prepared, all with 0.0379 g/mL of 
plasma-produced oil but with different concentrations of 
NtB, ranging from 5.87 x lo-' to 6.01 X M (see Table 
I). A control sample containing only NtB (6.61 X M) 
was also prepared. Benzene was the solvent in each case. 
All samples gave ESR signals when kept in the dark at  
room temperature, although in the control the signal was 
very weak. The signals recorded after about 3 days and 
then after about 11 days are shown for the three oil-con- 
taining samples in Figure 3, parts a and b, respectively. 
The settings used to record these spectra are listed on the 
figure. The power and modulation amplitude were chosen 
so as to obtain unsaturated, undistorted spectra. Three 
separate signals (1,2, and 3) are present in the spectra of 
samples 4A and 15A. Sample 3A shows only two signals, 
presumably the third (signal 1) is too weak to be detectable 
above the noise. The spectra have been shifted to avoid 
peak overlap, but all three spin adduct signals appear at 
the same magnetic field in each sample. The spectra in 
Figure 3b are 180' out of phase with those in Figure 3a. 
Spin adduct signals 2 and 3 are triplets, while signal 1 is 
probably a triplet of triplets (for reasons to be discussed 
later) with the central peak of each triplet lying beneath 
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M o d  = 0 3 G  1 1  1 

Room T 

n Power = 6 0 m w  
Mod = 0 3 G  

3A 

- 
Amp. = 3200 

b Y I O G  u u 
Figure 3. ESR spectra from samples 4A, E A ,  and 3A taken after 
-3 days (a), and after -11 days (b). (Spectra are shifted to avoid 
peak overlap.) 

Power = 6 0 m w  
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Figure 4. ESR spectra from samples 1 iB and 15A after -11 
days. Spectra are not shifted so that peak positions can be 
compared. 

signals 2 and 3. A summary of the nitrogen and hydrogen 
splitting constants (aN and aH) for these spin adducts is 
given in Table 11. None of the spin adducts is a direct 
decomposition product of the trap, since the weak signal 
in the control sample (17B) has peaks at different positions 
than signals 1, 2, or 3 (see Figure 4). 

From Figure 3, it is apparent that while the total signal 
strength builds with time in each sample, samples with 
higher trap concentrations have higher concentrations of 
spin adducts. The rate of spin-adduct production is not 
zero order in a trap. Attempts to achieve a zero-order 
dependence by raising the sample temperature to 55 OC 
were unsuccessful, due apparently to the instability of the 
spin adducts at this temperature. 
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mary radical center that bonds to the nitrogen atom has 
n hydrogens attached to it, these will split the signal into 
a total of 3(n + 1) peaks. This primary radical center can 
also alter the ESR signal through its electronegativity, 
which affects the unpaired electron density on the nitrogen 
and therefore the nitrogen splitting constant. 

Spin adduct signal 1 appears, in Figure 3, to be a triplet 
of doublets. However, if this were the case, then uH would 
be 19.6 G, which, by comparison with Table I11 is far 
greater than any U H  value previously observed for any type 
of radical. In all probability, signal 1 is rather a triplet of 
triplets with a very reasonable value of U H  = 9.7 G, where 
the central peak of each triplet is obscured by signals 2 
and 3. Thus, two hydrogens are attached to the radical 
center. The value of U N  (14.7 G) is typical of a carbon- 
centered radical, and therefore signal 1 is due to the spin 
adduct of a RCHy radical. Attached to this radical center 
are probably nonelectronegative groups, since electroneg- 
ative groups tend to reduce U N  to 14 G or below (see Table 
III).23 Signal 1 is believed to be a byproduct of NtB de- 
composition. NtB decomposes in the presence of vinyl 
monomers containing a-methyl groups to produce allylic 
radicals ( a N  15 G, U H  = 10 G) as follows.26 
(CHJ,CN=O + CH&Rl=CH2 - 

*CHzCR,=CH2 + NO + (CHJSCH (9) 
allylic radical 

R1 = COOCH,, phenyl, COOH, C=N 

These allylic radicals are then trapped by NtB. Reaction 
9 is particularly facile with MMA monomer. However, no 
hydrogen abstraction from PMMA in the presence of NtB 
occurs.26 The weak triplet of triplets (signal 1) is probably 
due to the decomposition reaction above, occurring either 
with the small amount of MMA present in the plasma- 
produced oil or with the various CH3CR,=CR2R, groups 
that are part of the plasma-produced oil structures.8 

Spin adduct 2 in Table I1 is probably also the spin ad- 
duct of an alkyl-like (nonelectronegative) radical, judging 
from its U N  value (14.8 G); however, this radical center has 
no hydrogens attached. Spin adduct 3 also is due to a 
radical center with no attached hydrogens, but this spin 
adduct has a lower aN value (13.5 G). This value of aN is 
characteristic of carbon-centered radicals with an elec- 
tronegative group attached, perhaps an ester or ether. 
(One surprising exception to this generalization is the 
growing-chain PMMA radical, which has U N  = 15.1 G for 
its spin adduct.) The aN values of the observed spin ad- 
ducts rule out any possibility that the radicals being 
trapped are any of the following types: R-0. (aN r 27 G), 
R-C=O (aN E 8.0 G), or phenyl radicals (aN E 12.3 G). 
The trapped radicals also are not R-COO- or ROO., as 
niether radical is trapped by NtB at room t e m p e r a t ~ r e . ~ ~ , ~  

(ii) N-tert-Butyl-a-phenylnitrone (PBN). A set of 
experiments were conducted with the spin trap PBN to 
see if it would be more suitable for studying the kinetics 
of free radical generation by the plasma-produced oil. The 
samples used in this experiment are described in Table I: 
samples 9A, 10A, and 14A. After about 5 days at  room 
temperature, sample 9A gave only a weak spin-adduct ESR 
signal, sample 10A gave a barely detectable signal (of about 
1/8 the intensity of sample 9A), and the control sample, 
14A, gave no signal. Apparently, the trapping reaction was 
not zero order in PBN or both 9A and 10A should have 
given signals of equal intensity. Therefore, PBN also was 
not suitable for kinetic studies of free radical generation 
by the oil. 
As with NtB, the ESR signal of the spin adducts of PBN 

can yield structural information about the free radicals 

Table I11 
Reported Hyperfine Splitting Constants for Spin Adducts 

of NtB" 
free radical trapped aN, G aH, G ref 

CH3. 
CHXCH,. 

15.2 11.3 25 
15.2 10.4 25 
15.0 9.9 25 
15.2 25 
12.3 a, = up = 2 25 

(CH3)3CO* 26.6 25 
28.1b 27 

CH,C=O 8.0 28 

-CHzCCBHE 14.9 3.2 26 
polystyrene 
-CHzC(CH3)(COOCH3) 15.1 26 

-CH&HCOOCH3 13.9 2.8 26d 

-CH&HOCOCH3 12.6 1.8 26d 

-CHzCHOCH=CHz 13.1 2.1 26d 

-CH&HOCH&H(CH3)2 13.2 1.6 26d 

-CH,CHC=N 14.9 2.6 26d 

-CH&H=CHCHz. 15.3 8.4 26d 

a, = 0.9 

RCOO C 23 

polq(methy1 methacrylate) 

poly(methy1 acrylate) 

poly(viny1 acetate) 

poly(diviny1 ether) 

poly(isobuty1 vinyl ether) 

polyacrylonitrile 

polybutadiene 

a All spectra were recorded at room temperature in benzene ex- 
cept where otherwise noted. Ethylbenzene was the solvent. Not 
trapped by NtB. these samples, the solvent was -50% (by 
volume) benzene and the rest was polymer and monomer. Polar 
solvents raise aN but only significantly if they are strongly polar. 
For example, the (CH3),C. spin adduct gives aN values in the fol- 
lowing solventsz4 of: 15.5 G (benzene), 15.8 G (Me2SO), 16.2 G 
(diethylene glycol), 16.5 G (formamide), and 17.3 G (water). 

Because the trapping rate was not zero order in the NtB 
concentration, spin trapping with NtB could not be used 
to measure the radical generation kinetics. Still, it is of 
interest to determine how many of the free radicals being 
generated by the plasma-produced oil were being trapped. 
The concentration of spin-adduct radicals after 266 h, in 
the sample with the highest NtB concentration (sample 
4A), was 8 X M as determined by the procedures 
described previously. The concentration of spin adducts 
expected, if all free radicals generated by the oil were 
trapped, can be computed with the results of a polymer- 
ization study7 in which the plasma-produced oil was used 
as the free radical initiator. From these results the free 
radical production rate in sample 4A should have been 1.5 
X mol/L.s.21 If all radicals produced were trapped, 
after 266 h the spin-adduct concentration would have been 
1.4 X M, roughly twice that observed in sample 4A. 
Thus, it appears that not all of the radicals generated were 
observed even in the sample containing the highest con- 
centration of NtB. The proposed explanation for this is 
the decomposition of the spin adducts rather than the 
failure of NtB to trap the radicals generated, since it is 
known that NtB is a very reactive spin trap.22v23 

By comparing the splitting constants listed in Table I1 
with reported values for various spin adducts (see Table 
111) structural information about the radicals generated 
by the plasma-produced oil is gained. Spin adducts are 
formed by 
R. + (CH,),CN=O - (CH,),CN(O)R 
primary NtB spin adduct 
free radical 

(8) 
Nitrogen has a spin of 1 and therefore splits the ESR signal 
from the spin adduct into three equal peaks. If the pri- 
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Figure 5. ESR spectra of (a) sample J after 1.5 h; (b) sample 
L after 360 h. 

trapped. The samples discussed above, however, gave 
signals that were so weak that they could only be observed 
under signal-distorting conditions. Another sample, L (see 
Table I), was prepared with a higher concentration of 
PBN, and it gave a stronger signal. This signal is shown 
in Figure 5b. A control sample, J, was prepared at  the 
same time as sample L. Sample J, gave a weak, broad 
triplet signal when analyzed 1.5 h after it was prepared (see 
Figure 5a). This signal disappeared slowly and was gone 
after 8 days. The signal from sample L increased with time 
until 5 days had elapsed, after which it remained un- 
changed. Even placing sample L in a 76 "C oil bath for 
3 days did not alter its signal strength. This limiting signal 
was about 3 times weaker than that obtained over the same 
time interval with a sample containing less than half as 
much NtB and slightly less plasma-produced oil (sample 
15A of Table I). Perhaps PBN can trap only certain types 
of free radicals generated from the plasma-produced oil. 
The supply of this type of radical may be depleted after 
5 days. NtB may be capable of trapping a greater variety 
of radicals and therefore continue to trap radicals for a 
longer period. Alternatively, the spin-adduct concentration 
may have reached steady state. This situation has been 
observed by Schmidt and I n g ~ l d , ~ ~  who continuously 
generated primary alkyl radicals in the presence of PBN 
and observed a constant ESR signal. The strength of the 
signal increased with the concentration of PBN. The 
weaker ESR signal obtained with PBN to trap oil-gener- 
ated free radicals, relative to that observed using NtB, may 
be due to the fact that the spin-trapping rate constant is 
substantially lower for PBN.22 PBN spin adducts, how- 
ever, once formed, are more than 100 times more stable 
than NtB spin adducts toward decomposition with one 
another but no more stable than NtB spin adducts toward 
decomposition with primary radicals, R..30 Thus, the de- 
composition of PBN spin adducts may be somewhat slower 
than NtB spin adducts, but this may be more than offset 
by the slower trapping reaction for PBN, resulting overall 
in a lower spin-adduct concentration in the PBN-con- 
taining sample compared to that containing NtB. 

The spin adducts of PBN, or other nitrone spin traps, 
exhibit an ESR signal that is a triplet of doublets like that 
shown in Figure 5b. Spin adducts are formed by 

primary PBN 
free radical 

R- + CeHsCH=N+( 0-)C (CH3)3 -+ 

C6H&HRN(o)C(CH3)3 (10) 

The nitrogen atom splits the spin-adduct ESR signal into 
a triplet, and the @-hydrogen splits each of these signals 
into doublets. The nitrogen splitting constant (aN) in 
Figure 5b is 14.6 f 0.1 G while that of the &hydrogen (aH) 
is 2.4 f 0.1 G. Literature values of uN and aH are given 

spin adduct 

Table IV 
Reported Hyperfine Splitting Constants for Spin Adducts 

of PBN" 
free radical trapped aN, G aH, G ref 

H. 

CH3. 

C6H11* 
C G H ~ ( C H ~ ) ~ C *  
decahydronaphthalen-2-yl 

15.4 
15.06 
14.82 
14.63 
14.94 
14.34 
14.64 
14.41 
14.5 
14.5 
14.25 
14.3 
13.86b 
12.93b 
12.73* 
13.42' 
13.62 
13.79 
13.76 
14.01 
13.3 
12.1 
13.6 

8.1 
7.54 
3.47 
3.58 
3.30 
3.26 
3.21 
2.21 
2.2 
2.2 
2.19 
2.26 
2.00 
1.82 
1.39 
0.95 
1.72 
2.01 
2.00 
2.01 
1.54 
0.75 
1.6 

33 
32 
34 
34 
32 
34 
35 
36 
37 
38 
36 
36 
3 1. 
31 
31 
29 
29 
35 
35 
35 
39 
33 
40 

a All spectra were recorded at room temperature in benzene ex- 
cept where otherwise noted. bThe aN values reported in ref 31 are 
consistently lower than other literature values by 0.6-0.7 G. The 
principal investigator later corrected" several of his previously 
determined aN values by this amount. cThe solvent was toluene 
and the temperature was -20 "C. Above 0 "C this spin adduct was 
not stable. Upon decomposition, alkoxy spin adducts appeared. 

in Table IV. As with NtB, U N  is affected by the electro- 
negativity of the primary radical center. The effect is 
smaller, however, with PBN (and other nitrone traps) since 
the primary radical attaches to a carbon adjacent to the 
nitrogen atom rather than to the nitrogen itself as with 
nitroso spin traps. Consequently, it is difficult to learn 
much about the structure of the primary radical from 
aN-since most spin adducts have similar uN values. 
However, it is clear that the radicals trapped are not very 
electronegative. Electronegative radicals lower U N  to below 
14 G. For example, alkoxy (RO.) spin adducts have U N  - 
13.8 G, acyloxy (RCOO.) spin adducts exhibit U N  - 12.8 
G, spin adducts from peroxides (ROO.) which are only 
stable below 0 "C have uN - 13.4 G, chlorine atoms reduce 
aN to 12.1 G, and CF3. produces a spin adduct with U N  - 
13.3 G. The observed value of U N  (14.6 G) is typical of a 
relatively nonelectronegative primary radical. For non- 
electronegative radicals, uH depends predominantly on the 
bulkiness of the radical being trapped (see the first nine 
entries in Table IV). Bulky radicals push the @-hydrogen 
further from the radical site on the spin adduct and 
therefore lower uH.42 As the radicals become very bulky, 
aH is a less sensitive function of radical size. The observed 
value of U H  (2.4 G) is characteristic of a bulky radical, but 
it is difficult to say exactly how bulky. 

The bulkiness of a free radical reduces its trapping re- 
action rate with PBN. In fact, very bulky radicals like 
trityl radical [(phenyl),C.] are not trapped by PBN, and 
if the spin adduct is synthesized, it is not stable a t  room 
temperature.23 It is possible that even bulkier radicals were 
generated by the plasma-produced oil but were not trapped 
by PBN. The low steady-state concentration of spin ad- 
ducts was possibly due to the slow trapping rate of PBN 
toward those radicals that it could trap. 

(iii.) 5,5-Dimethyl-l-pyrroline-N-oxide (DMPO). 
Attempts to w e  DMPO as a spin trap were not successful. 
Only weak signals were observed, which gradually decayed 
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Figure 6. Prototypical structure of a plasma-produd oil 
molecule! 

in strength over a period of several days. DMPO, while 
not as reactive as NtB towards primary free radicals, is 
more reactive than PBN." However, the spin adduda of 
DMPO are much less stable than those of PBN.'2 Quite 
possibly DMPO trapped radicals from the plasma-pro- 
duced oil, but the spin adducts were too short-lived to 
build up to an observable steady-state concentration. 
Discussion 

The ESR resulta reported here strongly support the 
conclusion drawn previously' that the plasma-produced 
oil generates free radicals. From the overall activation 
energy for the free radical concentration in the pure oil, 
the value of 9.0 kcal/mol was obtained for the difference, 
Ei - E,, between the activation energies for radical for- 
mation and termination. This agrees fairly well with the 
value of 12.4 kcal/mol obtained from polymerization ex- 
periments' using the plasma-produced oil to initiate MMA. 
The latter value may be slightly higher due to a lower value 
of E, for termination of growing PMMA chains compared 
to that for termination of primary radicals from the 
plasma-produced oil. From the spin-trapping experiment 
using PBN it was determined that the primary radicals 
are fairly bulky; thus there may be some steric hindrance 
to their termination with one another, and this would raise 
Et. 

With the 12.4 kcal/mol value of Ei - Et and a value of 
2.3 kcal/moP for the activation energy for termination of 
growing PMMA chains, Ei is calculated to be 14.7 kcal/ 
mol. While this value is much lower than that expected 
for the rupture of a C C  bond (-85 kcal/mol), or even a 
peroxide linakge (-35 kcal/mol), activation energies in 
the range 5-16 kcal/mol have been reported for the 
thermal decomposition of plasma-produced  film^.'^.^ 

An explanation for the unusually low value of Ei can be 
developed from a consideration of the structure of the 
plasma-produced oil. Using 'H and NMR spectros- 
copy, Paul et al.8 have concluded that the typical oil 
molecule may have a structure such as that shown in 
Figure 6. A characteristic feature of this structure is the 
crowding that ~CCUI'S around each of the quaternary carbon 
atoms. The close contact of functional groups in such a 
structure will give rise to steric repulsion. The amount of 
repulsive energy at  a given site can be calculated from a 
knowledge of the atomic positions and the nonbonded 
interatomic potential  function^.'^." 

For example, in the configuration shown in Figure 7.26 
atom pairs overlap to such an extent that their repulsion 
is 210 kcal/mol. Six of these strongly repelling pairs are 
members of the CH2 and CH3 groups labeled in Figure 7 
as 1 and 2, respectively. The hydrogen atom of the CH, 
group, which protrudes into the CH2 group, repels each 

. - 
a 

-3 
I 

W 
ti - i 

Fieure 7. Ball and stick model of the molecule shown in Figure 
6. 

of the CHZ hydrogen atoms by 33 kcal/mol and the CH2 
carbon by 315 kcal/mol. The CH2 hydrogens repel the 
CH:, carbon by 50 kcal/mol each. The CHz and CH, 
carbon atoms repel one another by 34 kcal/mol. A rotation 
about bond A ean reduce this repulsion. However, even 
in the minimum energy rotational position, the repulsive 
energy among the a t o m  in groups labeled 1-4 is still -65 
kcal/mol. The oil molecule in Figures 6 and 7 was put 
together in such a manner that steric repulsion was ubi- 
quitous. It serves to illustrate, however, that using the 
composition of the oil in terms of the various carbon en- 
vironments? it is possible to generate structures containii 
sufficient repulsion that they can decompose with an av- 
erage activation energy of only 15 kcal/mol. The decom- 
position of such structures should occur at  a strained site 
and therefore generate bulky radicals. The spin-trapping 
experiments support this interpretation since the trapped 
radicals were in fact found to be bulky. Additional support 
may be drawn from the work of Yasuda et  al.," who ob- 
served the presence of expansive stresses in plasma-de 
posited hydrocarbon films. Such stresses can be attributed 
to steric repulsion in the film. 

How might steric repulsion be prcdud in the strudure 
of organic plasma deposits? The dominant structure- 
forming processes in high-frequency glow discharges of 
organic vapors are believed to be free radical reactions.** 
Of the various free radical reactions, initiation and ter- 
mination are usually far more important than propaga- 
tion." Of the possible free radical initiation reactions, one 
of the most frequent is C-H fragmentation, often by hy- 
drogen abstraction by hydrogen atoms.mo"l Thus the or- 
ganic deposit is envisioned to be formed by repeat initia- 
tion and termination. The initiation steps reduce the masa 
of the deposit by a lesser amount on average (usually by 
loss of a hydrogen atom) than the termination steps aug- 
ment its mass. The structure is built up sequentially in 
a somewhat random manner. As various organic groups 
are added to the structure by combining with radical sites 
on it, they may introduce steric repulsion into the structure 
due to overlap with other groups. Eventually the total 
repulsive energy in the deposited molecule may approach 
a bond strength It may be possible to release much of this 
repulsive strain by breaking only one or two bonds in the 
molecule. Thus the observed activation energy for de- 
composition of such a molecule may be far less than a bond 
strength due to the simultaneous release of this strain as 
the bond ruptures. The random structure-forming process 
may also lock in strained molecular conformations, making 
it impossible to release this strain simply by adopting a 
lower energy conformation even if one is available. 
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Steric repulsion in the molecular structures of the 
plasma-produced oil is one possible explanation for its 
ability to generate free radicals with such a low activation 
energy (15 kcal/mol). There may be other possible ex- 
planations not discussed here. However, any postulated 
radical production mechanism that involves specific types 
of chemical reactions is unlikely to be applicable to the 
variety of compounds, containing various functional 
groups, which have been shown to produce polymerization 
initiators in a plasma.l-’ The steric-repulsion-induced 
initiation mechanism gains plausibility from the fact that 
it can apply to any type of compound. 

Conclusions 
ESR spectroscopy has been used successfully to detect 

free radicals produced by the decomposition of a plas- 
ma-produced oil, derived from MMA, which can serve as 
an initiator for the free radical polymerization of MMA. 
The difference between the activation energy for genera- 
tion and termination of free radicals (Ei - E,) is only 9 
kcal/mol. This value is in good agreement with the value 
deduced previously7 from a study of the kinetics of MMA 
polymerization initiated by the oil. Spin-trapping ex- 
periments reveal that upon decomposition the plasma- 
derived oil produces free radicals that are part of bulky 
structures and centered on tertiary carbon atoms. The 
unusually low activation energy for free radical formation 
is ascribed to strong steric repulsion occurring in the 
plasma-produced oil. Such an interpretation is consistent 
with a recently reported8 study of the oil structure. 
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