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ABSTRACT: The thermal oxidation of polypropylene was probed, in situ, by a novel technique that
simultaneously monitors chemically induced light emission (chemiluminescence) and changes in FTIR
emission spectra of an oxidizing sample. The results obtained from this technique demonstrated that the
chemiluminescence intensity (ICL) was proportional to the accumulation of carbonyl species formed during
oxidation, rather than the rate of oxidation, which is predicted from application of the steady-state
approximation to classical chemiluminescence mechanisms associated with auto-oxidation. Two possible
mechanisms were proposed to account for the results obtained. The first mechanism involved energy
transfer from a triplet carbonyl, formed via a classical mechanism, to a more efficient emitter formed
during oxidation. The second possible mechanism involved reaction of a peroxidic compound with an
oxidation product.

Introduction

Free radical oxidation of polymers1-3 and organic
compounds4-7 (see Scheme 1) leads to emission of low
levels of visible light, which is commonly termed chemi-
luminescence (CL). CL analysis can be used to probe
oxidation reactions in real time and with high sensitiv-
ity.8 However, there has been reluctance to adopt this
technique for routine analysis of polymer degradation.
Largely, this reluctance has been perceived to be due
to uncertainties regarding the chemiluminescence mech-
anism, and consequently interpretation of data obtained
from this technique. Factors such as low quantum
efficiencies hinder studies of the mechanism because the
CL process may be obscured by parallel nonchemilumi-
nescent reactions, which constitute the bulk of auto-
oxidation reactions.

Information on the mechanism can be gained from
the wavelength range of the light emitted. During
oxidation of polypropylene (PP), the majority of light
emitted is from the 360-460 nm region,9-11 which is
consistent with emission during the relaxation of triplet
carbonyls to the ground state. However, identification
of the light emitting species cannot be determined with
certainty because emission spectra lack uniquely char-
acteristic bands. Other evidence such as the effect of
triplet sensitizers on light intensity12,13 and quenching
of CL by oxygen,4,14 indicate that relaxation of a triplet
excited state is a source of light emission. The total
luminous intensity (TLI) emitted when an oxidized
polymer is heated in an inert atmosphere has been
shown to be proportional to the concentration of titrat-
able peroxides during the early stages of oxidation.15,16

This evidence indicates that the mechanism involves
peroxidic groups or radicals that are produced during
peroxide decomposition.17

Reactions that have been proposed to generate triplet
carbonyls are termination of peroxy radicals 6,18,19 via
the Russell mechanism8,15,20,21 and decomposition of
hydroperoxides.22-24

Hydroperoxide Decomposition CL Mechanism.
Hydroperoxides are formed during the propagation
step of auto-oxidation (eq 3, Scheme 1), when peroxy
radicals abstract hydrogens from the polymer. Reich and
Stivala23 originally proposed decomposition of hydro-
peroxides as being responsible for CL during oxidation,
although at the time this scheme was rejected by
Vassil′ev6 in favor of termination of peroxy radicals. In
general, the unfavorable energetics15 of this direct
reaction process has led to limited acceptance of direct
hydroperoxide decomposition being a source of CL. More
recently, Achimsky et al.25 have interpreted the linear
dependency of the CL intensity (ICL) on oxygen concen-
tration as evidence for CL arising from the decomposi-
tion of hydroperoxides. Also Matisová-Rychlá et al.24

have proposed that CL arises from the bimolecular

Scheme 1
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decomposition of hydroperoxides, although no precise
reaction scheme was given.

Peroxy Radical Termination CL Mechanisms.
The Russell mechanism26 (shown in Scheme 2) accounts
for termination of peroxy radicals, where at least one
radical must have an R-hydrogen. This mechanism is
currently the most accepted explanation for CL from
auto-oxidizing systems. The primary reason for its
popularity is that either a singlet oxygen or a triplet
ketone molecule is required to be formed for the Wigner
spin conservation rule to be obeyed. Singlet oxygen21,27-29

and triplet carbonyls9,20,30 have been detected in systems
containing decomposing hydroperoxides and auto-
oxidizing hydrocarbons or polymers. As well as comply-
ing with the Wigner spin conservation rule, the Russell
mechanism also explains other experimental results
associated with the reaction of peroxy radicals. For
instance, Russell26 observed a deuterium isotope effect
during the termination of peroxy radicals formed during
auto-oxidation of aralkyl hydrocarbons, which is con-
sistent with Scheme 2. Howard and Ingold31 also
observed a deuterium isotope effect for n-butylperoxy,
sec-butylperoxy, and cyclohexylperoxy radicals. Finally,
the tetroxide intermediate has been detected and/or
isolated during the interaction of secondary29 and
tertiary32,33 peroxy radicals. It should be emphasized
that the deuterium isotope effect is evidence for the
mechanism of peroxy radical termination and does not
itself provide evidence for CL production occurring via
this mechanism.

A common feature of the Russell and hydroperoxide
decomposition mechanisms is that the hydroperoxide or
one of the peroxy radicals is required to be primary or
secondary. The main sites of oxidation in PP are tertiary
hydrogens, attack of which leads to tertiary hydroper-
oxides and peroxy radicals. However, secondary peroxy
radicals and hydroperoxides can be formed following
â-scission of alkoxy radicals (eq 6). Evidence for â-scis-
sion forming secondary alkyl radicals is the detection
of secondary hydroperoxides,34 peracids,35 aldehydes,36

and carboxylic acids,36 which are all products derived
from primary or secondary peroxy radicals.

There is little doubt that both termination of peroxy
radicals and decomposition of hydroperoxides occur
during thermal oxidation of polymers. The point of
contention is whether these reactions are responsible
for a significant amount of CL. The assignment of
termination of peroxy radicals or decomposition of
hydroperoxides as the reactions responsible for genera-
tion of CL in auto-oxidizing polymers has only been
inferred from a limited number of results. Therefore, it
would be significant to provide further evidence that
would confirm or refute these mechanisms.

Further evidence could be obtained by comparing ICL-
time profiles with data from a complementary technique
for oxidation product analysis such as FTIR emission
spectroscopy37-39 (FTIES). FTIES is also an inherently
sensitive technique that can probe oxidation in real
time. It has been shown, provided the sample is thin in
order to limit reabsorption of the emitted radiation, that
it is possible to obtain quantitative oxidation product
profiles as a function of oxidation time.38 Typically,
samples are no thicker than 10 µm and less than 1 mm2

in area. For certain types of commercially produced PP
this corresponds to a single flattened reactor particle
weighing on the order of 0.3 mg. The small sample size
causes problems when attempting to compare CL and
FTIES results. The reason for this is that small samples
such as individual reactor particles have been demon-
strated to have inherently different stabilities.40 These
differences were proposed to be due to varying levels of
residual polymerization catalyst or stabilizer. These
differences make it difficult to compare data from
different microsamples with any degree of confidence.
Furthermore, oxidation reactions are extremely sensi-
tive to experimental conditions, such as temperature,
sample shape, dimensions of the sample cell, composi-
tion of the oxidizing gas, and the gas flow rate. Oxida-
tions carried out in different instruments will have
experimental conditions that vary slightly, which will
have an effect on the oxidation profiles collected. One
way to overcome these problems is to couple a CL
apparatus to an FTIES so that the sample can be
analyzed simultaneously.

The most useful portion of IR spectra for oxidation
product analysis is the carbonyl peak situated at 1680-
1780 cm-1. It has been shown, by spectral deconvolu-
tion, that the band in this region arises from species
including γ-lactones, aldehydes, ketones and carboxylic
acids.36 Determination of the area under this peak from
the series of spectra allows generation of total carbonyl
accumulation curves. Because carbonyls are a major
oxidation product in polyolefin thermal oxidation it
would be interesting to correlate these profiles with CL
data collected from the same sample at the same time.
This paper discusses the results obtained from a CL-
IES instrument for the thermal oxidation of PP.

Experimental Section

Materials. Unstabilized PP powder, Hostalen PPK0160
(Hoechst AG), melt flow index (MFI) at 230 °C/2.16 kg of 0.9
g/min, crystallinity by XRD of 45%, and Polychim A10TB,
crystallinity by XRD of 31%, were used.41 The Hostalen sample
was Soxhlet extracted with AR hexane for 6 h. Individual
reactor particles of PP were used for analysis. For FTIR
emission spectroscopy, samples are required to be thin (<10
µm) and have intimate contact with the platinum hot plate to
avoid formation of temperature gradients within the sample
and absorption of the emitted light by the sample. Therefore,
individual particles of PP were pressed between polished steel
disks in an hydraulic press (under 10 tons for 20 min).

Monitoring of Thermal Polymer Oxidation with CL-
IES. The flattened PP particles were analyzed with a CL
apparatus coupled to a FT infrared emission spectrometer. The
CL apparatus40,42 and the FTIES37 have been described previ-
ously. The emission cell in the FTIES was coupled to the CL
apparatus via a multimode fiber optic probe (as shown in
Figure 1). To prevent radiation from the HeNe timing laser
in the FTIR emission spectrometer reaching the CL apparatus,
electronic shutters were installed in front of, the photomulti-
plier tube in the CL apparatus and the window to the
spectrometer. Analysis of the oxidizing sample was alternated

Scheme 2
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between CL apparatus and FTIES by sending TTL pulses to
the shutters via a parallel port and a customized integrated
circuit produced in-house. Automation of the analysis was
controlled with in-house modified BioRad software and a CL
data collection program written in-house.

FTIR emission spectra were averaged over 32 scans with a
4 cm-1 resolution (∼25 s), and then the CL apparatus ac-
cumulated photon counts over a 35 s period. This sequence
was repeated each minute during the oxidation of the polymer.
CL data and FTIR data could therefore be obtained from an
oxidizing single particle of PP almost simultaneously and in
real time. For the runs where ICL was of especially low
intensity, the photon counts were averaged over longer time
periods post analysis.

To convert the raw data from the FTIES to an emissivity
spectrum, which is equivalent to an absorbance spectrum, a
platinum background spectrum was subtracted and the result
ratioed to a reference graphite spectrum.37

Oxidation of flattened PP particles in the CL-IES emission
cell was performed at 150, 140, and 130 °C in an oxygen
atmosphere, with a flow rate of 0.2 L min-1.

Results and Discussion

Kinetic analysis of chemical data obtained by tech-
niques such as CL and FTIES predict average concen-
trations of chemical species in a sample. For reactions
in the gas phase or solutions of low viscosity, kinetic
parameters and predicted concentrations are represen-
tative of the entire sample, because the assumption can
be made that the system is homogeneous. However, for
solutions with high viscosities and solids, such an
assumption is not necessarily valid. The reason for this
is that as viscosity increases the rates of bimolecular
reactions tend to be dependent on diffusion rather
than activation energy. For example, spatial patterns
and reaction fronts have been observed for various
auto-catalytic reactions occurring in unstirred solu-
tions.43,44 Consequently, for the oxidation of solid poly-
mers the net effect is that oxidation is heterogeneous;
i.e., oxidation is initially localized in submicroscopic
domains41,42,45,46 and then proceeds to spread to the
remainder of the polymer during oxidation.

Kinetic analysis does not usually take into account
heterogeneous oxidation because only average concen-
trations in a sample can be predicted. Therefore, any
rate constant derived will have little fundamental
significance. However, such kinetic analyses can still

be useful for qualitatively studying the mechanism of
reactions occurring in solids, e.g., analyzing the rela-
tionships between profiles of reactants, reactive inter-
mediates, and products.

To understand how carbonyl and hydroperoxide pro-
files should relate to CL intensity (ICL) profiles, kinetic
analyses of the CL mechanisms need to be performed.

Kinetic Analysis of CL According To Mecha-
nism. If we consider the Russell mechanism (Scheme
2) kinetically, eq 14 accounts for the generation of an
excited carbonyl (PdO*) via interaction of two peroxy
radicals and eq 13 accounts for nonradiative relaxation.

where φR is the fraction of oxidation products formed

in an excited electronic state during decomposition of
the intermediate tetroxide in eq 11. Using the steady-
state assumption that (d[PdO*])/dt ) 0, eq 14 becomes

The rate of light emission, ICL is given by

where φP ) kP/(kP + ∑ki) is the quantum yield of the
light emission step in eq 12. For fixed experimental
conditions φPφRk9 is constant. Therefore, ICL should be
directly proportional to the square of the peroxy radical
concentration.

If we treat the second literature mechanism for CL
production, by decomposition of hydroperoxides, kineti-
cally, eq 18 accounts for the generation of an electroni-
cally excited carbonyl.23-25

Using the same logic as in eqs 14 and 15, the rate of
light emission will be represented by eq 20.

For fixed temperature and experimental conditions,
φPφRkd is constant. Therefore, ICL should be directly
proportional to the hydroperoxide concentration (eq 21).

If, in the stationary state, the rate of initiation is
controlled by decomposition of hydroperoxides24 and the
rate of termination is controlled by bimolecular recom-
bination of peroxy radicals, then

Figure 1. Schematic diagram of the emission cell of the CL-
IES detailing the light path to the IR and CL detectors.

d[PdO*]
dt

) k9φR[PO2
• ]2 - [PdO*](kP + ∑ki) (14)

[PdO*] )
k9φR[PO2

• ]2

kP + ∑ki

(15)

ICL ) kP[PdO]* ) φPφRk9[PO2
• ]2 (16)

ICL ∝ [PO2
• ]2 (17)

POOH98
kd

PdO* + H2O (18)

d[PdO*]
dt

) kdφR[POOH] - [PdO*](kP + ∑ki) (19)

ICL ) φPφRkd[POOH] (20)

ICL ∝ [POOH] (21)
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Therefore, the expressions for CL arising from peroxy
radical termination (eq 16) and unimolecular hydro-
peroxide decomposition (eq 20) are kinetically equiva-
lent. Hence, eq 21 should hold for chemiluminescence
arising from either peroxy radical termination or uni-
molecular decomposition of hydroperoxides.

If CL arises through bimolecular decomposition of
hydroperoxides24 (eq 23), then eq 24 should describe the
rate of light emission.

Hence, regardless of the mechanism in operation, ICL
will be proportional to some function of the hydroper-
oxide concentration. Therefore, the general relationship
in eq 25 should describe the rate of light emission during
PP oxidation, where γ is 1 or 2 depending on the CL
mechanism.

Kinetics of Oxidation from Emission Spectra.
The primary route to formation of carbonyls is via
decomposition of hydroperoxides. For example, unimo-
lecular scission of hydroperoxides leads to formation of
an alkoxy radical and a hydroxyl radical (eq 4). The
alkoxy radical readily undergoes â-scission leading to
formation of a variety of carbonyl groups (eq 6), which
are observed via infrared emission spectroscopy.

Applying the stationary state approximation to the
alkoxy radical

where ∑k′i may include pseudo-first-order processes
such as hydrogen abstraction to give an alcohol.

If the principal route for the formation of alkoxy
radicals is hydroperoxide decomposition, then their
concentration is given by eq 27.

If â-scission is the dominant route for oxidation product
formation then the rate of change of the carbonyl
concentration becomes

where φâ is the fraction of the alkoxy radicals, which
undergo scission to produce carbonyls. Integration of
(28) gives a relationship where the concentration of
carbonyls at a given point in time is proportional to the
integral of the hydroperoxide concentration (eq 29).

The relationship in eq 29 is consistent with results
from the thermal and photooxidation of polyolefins and
high impact polystyrene (HIPS). Scott47,48 has shown

that during the thermal and photooxidation of HIPS the
hydroperoxide concentration rises to a maximum at the
inflection of the carbonyl profile and then decays.
During thermal oxidation of isotactic and atactic PP,
Iring et al.49 observed that the hydroperoxide profile
rose rapidly to a maximum and decays while the
carbonyl curve increases. Analyses of results indicate
that, within error, the hydroperoxide oxidation time
profile is equivalent to the derivative of the carbonyl
profile.

When the value for [POOH] is substituted into eq 29
from eq 20 the relationship between the carbonyl
concentration and the integral of the ICL-time profile
is obtained in eq 30

If the initiation route is the bimolecular decomposition
of hydroperoxides, then the same relation is obtained.
Therefore, regardless of the CL mechanism (peroxy
termination or hydroperoxide decomposition) the car-
bonyl growth curve should be proportional to the
integral of the ICL-time profile.

Comparison of ICL-Time and Oxidation Product
Profiles. The formation of carbonyls can be readily
monitored with FTIES.37-39 Figure 2 shows a typical
set of time-resolved infrared emission spectra (600-
2000 cm-1) collected during a thermal oxidation of PP
at 150 °C. The broad band that increases with time at
1680-1800 cm-1 consists of many overlapping bands
due to various carbonyl species. These species include;
R,â-unsaturated ketones (1690 cm-1), carboxylic acids
(1710 cm-1), methyl ketones (1720 cm-1), aldehydes
(1725 cm-1), esters (1745 cm-1), and lactones (1780
cm-1).36 Essentially the increase in the area of the
carbonyl band represents the cumulative amount of
oxidation the system has undergone.

Changes in the broad peak at ∼3500 cm-1, which is
due to the O-H stretch, 50 can be observed during
oxidation. Unfortunately, contributions from this band
result from the presence of carboxylic acids, 51 alcohols52

and hydroperoxides51 and so cannot be used as a
quantitative measure of any of these species. Further-
more, the low sensitivity of infrared emission spectros-
copy in the 2500-4000 cm-1 at 150 °C results in poor
reproducibility.

Other peaks of interest are due to C-H vibrations of
the polymer, which have been previously assigned by
other authors from Raman and infrared spectros-
copy.53,54 The intensities of peaks due to bending modes
decrease, but are less diagnostic due to interference from

kd[POOH] ) k9[PO2
• ]2 (22)

2POOH98
kdb

PdO* + POH + H2O (23)

ICL ) φPφRkdb[POOH]2 (24)

ICL ∝ [POOH]γ (25)

d[PO•]
dt

) k4[POOH] - [PO•](k6 + ∑k′i) ) 0 (26)

[PO•] )
k4[POOH]

k6 + ∑k′i
(27)

d[PdO]
dt

) k6[PO•] ) φâk4[POOH] (28)

[PdO]t ) φâk4∫0

t
[POOH] dt (29)

Figure 2. Time-resolved infrared emission spectra of PP
oxidizing at 150 °C under an oxygen atmosphere.

[PdO]t )
φâ

φPφR
∫0

t
ICL dt (30)
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a broad underlying band centered at 1200 cm-1. This
band is due to the C-O stretch of oxidation products
such as alcohols, esters and ethers.50

As described earlier, by coupling a CL apparatus with
a FTIES, carbonyl concentration-time and ICL-time
profiles can be measured simultaneously. Therefore,
variations in band intensities with time due to different
instrument reaction geometries, sample variability and
uncertainties in the oxidation conditions can be re-
moved. Oxidation of PP at 150 °C causes the carbonyl
band area to increase to a maximum at 3000 s, and this
then remains constant (Figure 3). The oxidation of PP
results in an increase in the rate of light emission to a
maximum also at 3000 s after the onset of oxidation,
followed by a gradual decay (Figure 3). It is interesting
to note that the ICL-time profile is a good approximation
of the carbonyl curve. This experiment was repeated for
13 other PPK0160 particles at 150 (data not shown),
140 (Figure 4), and 130 °C (Figure 5) and for A10TB
particles (Figure 6). It should be noted that the collection
efficiency of the fiber optic probe is at least 10 000 times
less than the normal collection mode. Hence, observa-
tion of any signal at all from the instrument is a
testament to the sensitivity of the CL apparatus.

The relationships derived in eqs 21 and 30 predicted
that the ICL-time profile would be proportional to the
hydroperoxide concentration and that the integrated
ICL-time profile would be proportional to the carbonyl
profile. Figure 7 shows that the integrated ICL-time
profile is not proportional to the carbonyl curve. Almost
no CL is observed until carbonyl species are formed
during the oxidation process. This demonstrates that
the relationships derived from the “classical CL mech-
anisms”, eqs 21 and 30, are incorrect and that ICL is
dependent on formation of carbonyl functional groups
or some oxidation product that is generated at a similar
rate as carbonyls. In fact, Figure 8 shows that the ICL-
time profile is proportional to the carbonyl curve (r2 )
0.971). This demonstrates that the ICL-time profile
would not be proportional to the hydroperoxide concen-
tration-time profile.

Explanations of CL-IES Results. There are at least
two possible explanations of the CL-IES data. The first
involves the formation an excited carbonyl via a classical
mechanism; however, the triplet carbonyl participates
in energy transfer with a more efficient phosphorescer,
which accumulates in the polymer during oxidation.
Therefore, as the concentration of this energy acceptor
increases, ICL increases accordingly. In fact, as early as
1965, Lundeen and Livingston proposed this type of
mechanism for the oxidation of liquid hydrocarbons.18

However, the effect on the interpretation of the ICL-
time profile was not discussed. Energy transfer mech-
anisms such as the one proposed have also been

Figure 3. Comparison of the normalized ICL-time profile
(rate of light emission), with accumulation of carbonyl species
during oxidation of PP (PPK0160) at 150 °C under an oxygen
atmosphere.

Figure 4. Comparison of the normalized ICL-time profile
(rate of light emission) and accumulation of carbonyl species
during oxidation of PP (PPK0160) at 140 °C under an oxygen
atmosphere.

Figure 5. Comparison of the normalized ICL-time profile
(rate of light emission) and accumulation of carbonyl species
during oxidation of PP (PPK0160) at 130 °C under an oxygen
atmosphere.
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reported to occur in other auto-oxidizing systems, such
as during the auto-oxidation of tetrakis(dimethylamino)-
ethylene (TDE).55 The electronically excited state formed
during the auto-oxidation of TDE is nonfluorescent, and
CL is observed when energy transfer takes place
between it and a TDE molecule, which is the emitting
species. A possible mechanism is outlined in Scheme 3.
If we treat this mechanism kinetically, where the
excitation step is represented by eqs 11, 18, or 23 and
the energy transfer step in Scheme 3, the rate of change
of A* is given by

where ∑k′i′ represents radiationless rate coefficients
for relaxation of A* to the ground state. In the presence
of the energy acceptor, A, eq 14 can be transformed into
eq 35 by inclusion of the energy transfer step:

Substituting into eq 34

where φET(A) is the energy transfer efficiency, which is
a function of the acceptor concentration. On the basis
of the hydroperoxide decomposition mechanism for CL,
the rate of light emission becomes

From this analysis it can be seen that ICL will be
dependent on both the concentration of the energy
acceptor, A, and the hydroperoxide concentration. If the
energy transfer process is highly efficient and exceeds
the rate of both emission and radiationless decay of the
excited carbonyl group, i.e. kT[A] . (kP + ∑ki) then the
relationships for ICL given in eqs 16 and 20 will apply
except that φP is replaced by the luminescence quantum
yield of the energy acceptor, A (φ′P). As this is a
bimolecular process, it will be expected to occur at high
concentrations of A and then ICL becomes independent
of [A]. This is not observed in this system because ICL
is dependent on [A].

A second mechanistic scheme could involve the direct
reaction of a carbonyl species (or other luminescent
oxidation product) with high-energy reactive intermedi-
ates such as hydroperoxides, peroxides, peracids, per-
esters, or alkoxy radicals to yield CL in a single step.
Organic peroxides are known to react with a range of
electron donors including olefins, amines, and easily
oxidizable hydrocarbons such as anthracene.56 A path
for the decomposition of o-xylylene peroxide involves
electron transfer between a decomposition product of
the peroxide, emitting light in the process.57 The light
emission was dependent on the concentration of the
degradation product, similar to the dependence of PP
ICL-time profiles on carbonyl concentration, and was
found to proceed via a chemically initiated electron
exchange luminescence (CIEEL)58 mechanism. Several
other peroxides59-66 have also been shown to react with
easily oxidizable compounds (activators), such as 9,10-
diphenylanthracene, rubrene, and perylene, via a CIEEL
mechanism. CIEEL involves electron exchange between
CL activator and peroxide, which converts the activator
to a radical cation and the peroxide to a radical anion.
The next step involves rearrangement of the radical
anion, followed by charge recombination to form an
excited activator, which relaxes to the ground state via
emission of a photon. The quantum yields of CIEEL
reactions vary greatly depending on the system. For
example, peroxyoxalate systems, which are believed to
involve an intermolecular CIEEL mechanism, have been
demonstrated to have quantum yields of up to 0.3 E
mol-1.67 However, other systems such as the decomposi-
tion of diphenoyl peroxide have been shown to have
quantum yields on the order of 2 × 10-5 E mol-1.68

Nonetheless, these values are several orders of magni-
tude higher than those estimated for CL from the
reaction of a pair of peroxy radicals (∼10-8-10-10).20

In a series of papers Lánská et al.69-71 concluded that
a source of CL during the auto-oxidation of polyamides
and model polyamides was the redox reaction of a
hydroperoxide and an aldehyde formed because of auto-
oxidation. Although this example was not reported to

Figure 6. Comparison of the normalized ICL-time profile
(rate of light emission) to the accumulation of carbonyl species
during oxidation of PP (A10TB) at 150 °C under an oxygen
atmosphere.

Scheme 3

d[A*]
dt

) kT[PdO*][A] - [A*](k′P + ∑k′′i) ) 0 (33)

[A*] )
kT[PdO*][A]

k′P + ∑k′′i
(34)

d[PdO*]
dt

)

k9φR[PO2
• ] - [PdO*](kP + ∑ki + kT[A]) ) 0 (35)

[PdO*] )
k9φR[PO2

• ]2

kP + ∑ki + kT[A]
(36)

[A*] )
kT[A]k9φR[PO2

• ]2

[k′P + ∑k′′i)(kT[A] + kP + ∑ki)
(37)

ICL ) k′P[A*] ) φ′PφET(A)φRk9[PO2
• ]2 (38)

ICL ) k′P[A*] ) φ′PφET(A)φRkd[POOH] (39)
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proceed via a CIEEL mechanism, the results reported
are consistent with such a scheme.

From the literature evidence above, it can be proposed
that chemically induced electron exchange luminescence
occurs via a reaction between a peroxidic species
(POOH) and some luminescent oxidation product (A)
during thermal oxidation of PP (Scheme 4). This scheme
will be an auto-catalytic relation since the catalyst is
increasing throughout the reaction.

Treating such a scheme kinetically, where A is a
fluorescent carbonyl produced during the oxidation of
PP the overall reaction can be represented by eq 43, and
the rate of change of A* is given by eq 44

Similar to the energy transfer mechanism, eq 46 indi-
cates that the ICL for a CIEEL mechanism will be
dependent on both the peroxide and oxidation product
(activator) concentration. However, the results pre-
sented above indicate that ICL is proportional to the
carbonyl concentration; i.e., it is only dependent on the
carbonyl concentration. A possible explanation for this
discrepancy is that acyl peroxides, i.e. peracids or
peresters, are participating in Scheme 3 or Scheme 4
to yield the majority of CL. Acyl peroxides will have
significantly different kinetic profiles to alkyl hydro-
peroxides. The reason for the difference is that acyl
peroxides are formed via oxidation of aldehydes. There-
fore, the acyl peroxide concentration will be dependent
on the aldehyde concentration, which will be propor-
tional to the total carbonyl concentration.

A method to differentiate the energy transfer and
CIEEL mechanisms would be to dope the polymer with
energy acceptors. As discussed before, when [A] is large
and an energy transfer mechanism is occurring then the
ICL-time profile should be proportional to the hydro-
peroxide concentration in eq 20.

Similarly, if the polymer is doped with a readily
oxidizable compound that reacts with peroxides to yield
CL without affecting the stability of the polymer, then
the ICL-time profile should be proportional to the

hydroperoxide concentration (eq 46), because the con-
centration of A remains constant. Separation of these
two mechanisms will require oxidation measurements
of PP doped with energy transfer agents and CL
activators with known electronic energy levels and redox
potentials.

Conclusions
A CL apparatus was successfully coupled to a FTIR

emission spectrometer, which allowed simultaneous
analysis of PP thermal oxidation in real time. This
allowed comparison of ICL-time profiles with carbonyl
concentration-time profiles. Kinetic analysis of “clas-
sical mechanisms” showed that the integral of the ICL-

Scheme 4

d[A*]
dt

)

kCIEEL[POOH][A] - [A*](k′P + ∑k′′i) ) 0 (44)

[A*] )
kCIEEL[POOH][A]

k′P + ∑k′′i
(45)

ICL ) k′P[A*] ) φ′PkCIEEL[POOH][A] (46)

Figure 7. Comparison of accumulation of carbonyl species
with the integral of ICL-time profile. Data are for PP being
oxidized at 150 °C under an oxygen atmosphere.

Figure 8. Correlation of ICL-time profile (rate of light
emission) and the accumulation of carbonyl species up to the
maximum of both curves. r2 ) 0.971.
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time profile should be proportional to the carbonyl curve.
However, the carbonyl profile was not proportional to
the integrated ICL-time profile, which contradicts pre-
dictions from the kinetic analysis of peroxy radical
termination or hydroperoxide decomposition. ICL was
found to be dependent on the rate of formation of a
carbonyl species for the thermal oxidation of isotactic
polypropylene between 130 and 150 °C. This result is
significant for the interpretation of CL data for PP as
it demonstrates that PP ICL-time profiles are es-
sentially proportional to the accumulation of carbonyls
formed during oxidation.

The two possible mechanisms that were discussed are
energy transfer from an excited carbonyl formed via a
classical mechanism and the reaction of a carbonyl
species with a peroxidic compound, which is likely to
be an acyl peroxide. Further experimentation is required
to determine which of these new mechanisms is correct
or whether some other reaction is responsible.
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