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Oxidation of a Polymer Surface 

with Gas-Phase Singlet (1Ag) Oxygen 

Abstract. Singlet molecular oxygen (lAg) produced by the microwave discharge 
of ground state oxygen in a flow system was passed over a film of cis-polybuta- 
diene. This treatment resulted in the formation, at the surface, of hydroperoxides 
which were detected by internal reflection infrared spectroscopy. 
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Electronically excited molecular oxy- 
gen in its singlet state (lAg) has been 
frequently discussed as an agent that 
in polluted air may be responsible for 
the oxidative degradation of various 
naturally occurring and synthetic sub- 
stances (1). There has also been specu- 
lation on the role of singlet oxygen in 
producing cancer on the skins of irradi- 
ated animals treated with photosensi- 

Electronically excited molecular oxy- 
gen in its singlet state (lAg) has been 
frequently discussed as an agent that 
in polluted air may be responsible for 
the oxidative degradation of various 
naturally occurring and synthetic sub- 
stances (1). There has also been specu- 
lation on the role of singlet oxygen in 
producing cancer on the skins of irradi- 
ated animals treated with photosensi- 

tizing substances (2) and in promoting 
the photooxidation of polyethylene (3) 
and a variety of other substances (4). 
An important question that must be 
answered before one invokes a singlet 
oxygen mechanism to account for such 
surface effects is whether metastable 
singlet oxygen (lAg) molecules can in- 
deed survive long enough to chemically 
react with an environmental surface. 
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Our results show conclusively that gase- 
ous singlet oxygen impinges on the sur- 
face of cis-polybutadiene films causing 
the formation of the expected hydro- 
peroxides. 

The electrodeless discharge of oxygen 
either by radio-frequency or microwave 
energy is known to produce a variety 
of active species including atomic oxy- 
gen, excited molecular oxygen (lAg and 
leg), ozone, and some ionic com- 
ponents (5). The reaction of such a 
complex plasma with a large number 
of bulk polymers has been used to im- 
prove adhesion and alter other surface- 
related properties (6). The primary 
effects in those cases were attributed 
to atomic oxygen. Similar experiments 
were performed on thin films of methyl 
linoleate with the observation of an 
increase in the absorbance at 234 nm, 
which was interpreted as indicating the 
formation of conjugated hydroperoxides 
[R-C=C-C=C-C(OOH)R] from the 
attack of singlet oxygen on the 1,4- 
diene structure (7). Although singlet 
(1Ag) oxygen was produced by photo- 
sensitization and not electrodeless dis- 
charge, the mean diffusion path for 
excited molecular oxygen through stea- 
rate films has been determined to be 
115 A (8). It was estimated that in 
traversing that distance in the film one- 
half of the diffusing molecules had been 
deactivated. 

The flow system used in our work 
(Fig. 1) has the advantage that all active 
species except singlet oxygen (1Ag) are 
removed from the gas stream before 
contact with the polymer surface. Tank 
oxygen is passed over mercury (25?C) 
and into a quartz tube. A wave guide 
focuses microwave power (2450 Mhz) 
so that energy couples with the gas at 
the center of the quartz tube. The 
pumping speed based on the capacity of 
the vacuum pump is 33.4 liter/min. 
The mercury vapor in the stream is 
oxidized, forming a mercuric oxide 
ring both upstream and downstream 
from the plasma glow. This mercuric 
oxide is effective in removing oxygen 
atoms and ozone and in enhancing the 
singlet oxygen ('Ag) concentration (9). 
Ionic species deactivate a few milli- 
meters from the glow region (5). The 
stream is then passed over ice at -40?C 
to quench the singlet oxygen in its '1g 
state (10) and then through a -78?C 
trap to remove water and mercury 
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mate that flow rates over this distance 
are of the order of 1 second. Typical 
oxidations are performed at an oxygen 
pressure of 5 torr for 5 hours. The cis- 

polybutadiene was purified by two 

precipitations and then cast on alumi- 
num surfaces or sodium chloride crys- 
tals from methylene chloride solution. 
Films formed in this way were - 0.1 
mm thick. The salt crystals or alumi- 
num surfaces containing the films were 
analyzed by infrared transmission and 
internal reflection infrared spectroscopy, 
a technique that permits the examina- 
tion of chemical changes occurring on 
or near the surfaces of different mate- 
rials at depths of approximately one 
wavelength (11). Spectra were recorded 
on a spectrophotometer (Perkin-Elmer 
model 21). 

We obtained internal reflection 
spectra with KRS-5 crystals and a 
Wilks model 12 attachment as a single 
beam unit. The spectra of oxidized cis- 

polybutadiene films recorded in this 
way (Fig. 2a) show clearly the pres- 
ence of the -OOH band at 3 pu. The 
formation of allylic hydroperoxides 
from olefins is often used as a specific 
diagnostic reaction indicating the pres- 
ence of singlet oxygen (2), and the 
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oxidized cis-polybutadiene probably 
contains such a functional group. The 

presence of hydroperoxides was also 
deduced from the liberation of iodine 
by the reaction between cis-polybutadi- 
ene treated with singlet oxygen (lAg) 
and a saturated solution of potassium 
iodide in acetone. The yellow iodine 
color was monitored spectroscopically 
(maximum wavelength, 362 nm). No 
iodine production was observed when 
unoxidized films were treated in the 
same manner. Subsequent heating of the 
oxidized films at 125?C for 30 minutes 
in air resulted in the formation of 
carbonyl compounds (films were ana- 
lyzed by transmission and internal re- 
flection infrared spectroscopy) (Fig. 2b), 
as would be expected upon thermal 
decomposition of hydroperoxides. Sur- 
face effects were much greater. Films 
that were unoxidized and subsequently 
heated show essentially no spectral 
changes either on the surface or inter- 
nally. This behavior strongly suggests 
that the initial surface oxidation (with 
singlet oxygen) of polymer films, and 
probably of other substances as well, 
tends to overcome the well-known in- 
duction period observed in thermal 
autoxidations. 
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Fig. 2. Internal reflection infrared spectra of cis-polybutadiene films (a) after treatment 
with singlet oxygen (1ag) and (b) after treatment with singlet oxygen ('Ag) and subse- 
quent heating at 125?C for 30 minutes. 
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Gas-phase reactions of singlet oxygen 
(12-16) and energy transfer from gase- 
ous singlet oxygen to solutions of ap- 
propriate acceptors (17), which results 
in luminescent species, have been re- 
ported. In fact, singlet oxygen (l,g) 
can survive 3.5 X 104 collisions with 
the walls and more than 108 collisions 
in the vapor phase (13). Our results 
now supply firm evidence that gaseous 
singlet oxygen (lAg) has a long enough 
lifetime to cause the oxidation of a solid 
polymer surface some distance from the 
site of formation of the active agent. 
This effect must continue to be given 
serious consideration in air pollution 
studies since gas-phase photolysis of 
known air contaminants, such as aro- 
matic substances (18) and ozone (19), 
results in the production of singlet 
oxygen, as do the exothermic reactions 
of several pollutants with ozone, for 
example, phosphite esters (15), ethers, 
and alcohols (20). 

M. L. KAPLAN 
P. G. KELLEHER 

Bell Telephone Laboratories, Inc., 
Murray Hill, New Jersey 07974 
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