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ABSTRACT: The mechanism of chemiluminescence (CL) during thermal oxidation of polypropylene (PP)
was probed by doping PP with an energy acceptor (9,10-dibromoanthracene [DBA]) and a chemilumi-
nescence (CL) activator (9,10-diphenylanthracene [DPA]). Doping PP with DBA had little effect on the
shape of the CL intensity (ICL)-time profile. This suggests that energy transfer from triplet states is
probably not significant in the scheme of PP CL. However, the CL activator (DPA) had a significant
effect on the shape and intensity of the ICL-time profile. In the absence of DPA, the ICL-time profile
matches the profile for the formation of carbonyl-containing oxidation products from FTIR-emission
spectra. In contrast, in the presence of DPA, it was the integrated DPA ICL-time profile which matched
the oxidation product profile, indicating that now ICL was proportional to the hydroperoxide concentration.
It is suggested that peroxides formed during PP oxidation are capable of reacting with DPA to produce
chemically induced electron exchange luminescence (CIEEL). It is also suggested that CL from undoped
PP, i.e., direct CL, may also occur by a CIEEL mechanism. This mechanism is believed to involve the
reaction of PP peroxides with an easily oxidizable luminescent oxidation product. For the detector system
used in this study the majority of light emitted is consistent with reactions between acyl peroxides and
R,â-unsaturated carbonyls. The consequences of this mechanism are that the ICL-time curve measured
during the oxidation of PP may reflect either the hydroperoxide profile or the oxidation product profile
depending on the spectral wavelength analyzed or the state of purity of the polymer.

Introduction

Three processes can yield electronically excited states
during chemical reactions, which then lead to the
emission of visible light or chemiluminescence (CL). As
shown in Scheme 1, these are direct, indirect, and
activated CL.1 The emission of CL from polymers has
been most studied during the oxidation of the solid
polymer and it has generally been regarded to be from
a particular elementary reaction in the free radical
oxidation sequence.

Direct Chemiluminescence (CL). Direct CL in-
volves formation of excited states directly from chemical
reactions and then light emission during relaxation of
those excited states to the ground state (see eq 1). An
example of a direct CL reaction is dioxetane decomposi-
tion.2 Dioxetanes decompose directly to form excited
carbonyls in the triplet or singlet state. However, the
precise mechanism regarding the excitation step has
been a matter of contention.2-5

Indirect CL. Often the initial electronically excited
state formed in a direct CL reaction is nonluminescent
or has low luminescence efficiency.1 Under such circum-
stances, it is often useful to enhance the light intensity
by adding energy transfer agents, such as 9,10-dibromo-
anthracene or biacetyl, to the system.1 In this situation,
energy transfer between an energy acceptor and the
original excited molecule occurs, forming an excited
energy acceptor. Light emission then occurs during

relaxation of the energy acceptor to the ground state.
This process is termed indirect CL and is represented
generically in eq 2. The decomposition of secondary
esters in solution is an example of a system where
increased emission occurs on adding energy transfer
agents. Dixon et al.1 observed that light emission during
the decomposition of secondary peresters was extremely
weak and found that addition of DBA or biacetyl
intensified light emission.

Activated CL. Activated CL involves emission of
light from an excited state formed via a bimolecular
reaction between a substrate and catalyst (see eq 3). An
example of activated CL is light emission via a chemi-
cally initiated electron exchange luminescence6 (CIEEL)
mechanism. This type of mechanism involves donation
of an electron from an activator to peroxide forming an
activator radical cation and a peroxidic radical anion.
The peroxidic radical anion rearranges and then under-
goes electron exchange with the activator radical cation
to form an excited activator. Typically, the CL activator
is an easily oxidizable fluorescent polyaromatic hydro-
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carbon, such as 9, 10-diphenylanthracene or rubrene.7-10

The efficiency of the CIEEL reaction is related expo-
nentially to the oxidation potential.

In addition, the peroxide needs to be able to be easily
reduced.2 Usually, the more easily the peroxide is
reduced the more efficient the CIEEL mechanism.
Hence, acyl peroxides usually yield highest efficiencies,2
although simple hydroperoxides have also been shown
to yield light via a CIEEL mechanism.11

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 einstein mol-1.12 However,
other systems such as the decomposition of diphenoyl
peroxide have been shown to have quantum yields in
the order of 2 × 10-5 einstein mol-1.13 Nonetheless,
these values are several orders of magnitude higher
than those estimated for CL from the reaction of a pair
of peroxy radicals (∼10-8-10-10).14

CL from Oxidizing PP. For some time, chemical
generation of excited states during thermal oxidation
of polypropylene (PP) was considered to proceed via a
direct CL mechanism involving the formation of triplet
carbonyls, either via decomposition of a tetroxide formed
via the Russell mechanism,14-16 or via decomposition
of hydroperoxides.17-20 Both of these mechanisms pre-
dict that the ICL-time profile should be proportional to
the hydroperoxide concentration.21,22 However, in a
recent paper,21 we demonstrated that PP ICL-time
profiles were proportional to the existing carbonyl
concentration, which could not be explained in terms
of these classical CL mechanisms. In light of this new
evidence, two mechanisms were proposed. The first
involves energy transfer, from an excited state formed
via a classical mechanism, to a highly luminescent PP
oxidation product (Scheme 2), i.e., indirect CL.

The kinetics of ICL-time profiles that result from an
energy transfer mechanism were predicted to be de-
pendent on the concentration of the peroxidic species,
[POOH], and the concentration of the luminescent
oxidation product.21 Equation 6 describes the kinetics
of such a process, where k′P is the rate constant for
luminescence from A*, kd is the rate constant for
hydroperoxide decomposition and φR, φ′P and φET(A) are
the efficiencies for direct excitation, luminescence of the
energy acceptor and energy transfer, respectively.

For the production of carbonyl excited states, it is
considered that the emitting species is a triplet state.

The second mechanism proposed involved the reaction
of an acyl peroxide with an easily oxidizable luminescent
oxidation product, via a CIEEL mechanism (Scheme 3).
The kinetics of Scheme 3 are similar to Scheme 2, in
that the rate of light emission, ICL, is predicted to be
dependent on the concentration of the peroxidic species
and the concentration of the oxidation product (e.g.,
carbonyls) with CL activator properties, A. (eq 5).21

Equation 10 describes the kinetics of such a process,
where kCIEEL is the rate constant for the light reaction
between peroxide and oxidation product with CL activa-
tor properties.

Inspection of eqs 6 and 10 shows that in the absence of
explicit knowledge of the concentration dependence of
φET(A) the two equations are kinetically equivalent; i.e.,
both are dependent on hydroperoxide and carbonyl
concentration.

Kinetics and Mechanism of PP Oxidation. The
two equations describing the intensity of CL, eqs 6 and
10, require information about the concentrations of the
species present during oxidation, in particular the
hydroperoxides and other oxidation products which may
be luminescent. The oxidation of PP is known to be
highly heterogeneous,23-25 and oxidation-time profiles
may be interpreted not as kinetic curves but rather
reflecting the increasing fraction of the polymer that is
oxidizing.26 In one model for PP oxidation,26,27 the
oxidizing polymer is classified into three fractions. The
first fraction consists of domains where no oxidation has
taken place. The second consists of domains where the
polymer is partially oxidized, i.e., has relatively high
concentration of hydroperoxides and a relatively low
concentration of carbonyls. The third fraction consists
of domains where the polymer is highly oxidized, i.e.
has relatively low concentrations of hydroperoxides and
relatively high concentrations of carbonyls. In the highly
oxidized region, there will be a higher proportion of acyl
peroxides, due to further oxidation of oxidation products.
Initially the model predicts a small proportion of
domains that will be either “partially” or “highly”
oxidized. During oxidation, small radicals generated in
the partially oxidized regions diffuse into unoxidized
regions to initiate oxidation converting them to partially
oxidized regions. Therefore, this model predicts that
there may be a physical separation of species. For
example, a high proportion of hydroperoxides may be
separated from the majority of carbonyl species. From
such a model, the carbonyl curves can be interpreted
as a statistical accumulation of highly oxidized do-
mains.28 Since the PP ICL-time profile is proportional
to the carbonyl-time profile, it can be concluded that a
majority of light emission is occurring in the highly
oxidized regions, where there is likely to be higher
concentrations of acyl peroxides.

Differentiation of CL Mechanisms. A method to
differentiate the energy transfer and CIEEL mecha-
nisms is to monitor CL from PP doped with efficient
energy acceptors and with CL activators. Since these
will be randomly distributed throughout the polymer

Scheme 2
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Scheme 3
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as additives, they will be insensitive to the spatial
distribution of polymer oxidation products described
above. If an energy transfer mechanism is occurring,
then the ICL-time profile resulting from the added
energy acceptor will be proportional to the concentration
of peroxides, because the concentration of the added
energy acceptor in eq 6 and thus φET(A) will be constant.

Similarly, if a CIEEL mechanism is in operation, the
ICL-time profile for PP doped with a CL activator will
be proportional to the peroxide concentration, because
the concentration of the CL activator in eq 10 will be
constant, provided the activator is not itself oxidized to
a nonluminescent species.

This paper discusses the ICL-time profiles obtained
from oxidizing PP doped with an energy acceptor (9,-
10-dibromoanthracene, DBA) and a CL activator (9,10-
diphenylanthracene, DPA). Furthermore, these profiles
are compared to carbonyl curves, which were obtained
spectroscopically by FTIR emission.

Experimental Section

Materials: Unstabilized PP powder; Hostalen PPK0160
(Hoechst AG); melt flow index (MFI) at 230 °C of 2.16 kg at
0.9 g/min; crystallinity by XRD of 45%.26 The powder was
Soxhlet extracted with AR hexane for 6 h.

9,10-Diphenylanthracene, 9,10-dibromoanthracene, and
HPLC grade heptane were obtained from Aldrich and used
without further purification.

Doping of PP with DPA and DBA. DPA and DBA
solutions at a concentration of 5 × 10-3 M were prepared in
HPLC grade heptane. Doping of the powder was achieved by
swelling the polymer in heptane solutions of DPA or DBA for
1 week in the dark. The powder was then filtered, washed with
heptane, allowed to air-dry, and finally dried at a 760 mm
vacuum for 24 h. A blank was prepared in a similar manner
by swelling PP powder in HPLC grade heptane. To determine
the concentration of DPA in the polymer, the sample was
extracted with heptane and the concentration in the extract
was determined using a calibration curve constructed from
UV-Visible absorbance readings. The concentration of DPA
in the polymer was determined to be 2 × 10-3 mol kg-1.

Analysis of PP Samples Using the CL Apparatus. A
single layer of PP particles (2.65 ( 0.01 mg) in an aluminum
pan was used for analysis in the CL apparatus, which has been
described elsewhere.27,29 The polymer was heated to the
oxidation temperature under an inert atmosphere of nitrogen
and once the temperature had stabilized the gas was switched
to pure oxygen. Photon counts integrated over a 10 s period
were recorded continuously during oxidation. Oxidation of PP
samples was performed at the following temperatures: 150,
140, 130, 120, and 100 °C.

Spectral Analysis of CL from Undoped PP. Using the
sample presentation described above, relative contributions
from different spectral regions were determined using a series
of commercial sharp cutoff filters. The spectral ranges of the
filters were determined using a Cary UV/vis spectrometer. To
calculate the amount of light emitted from the 320-360 nm
region, the ICL-time profiles using a 360 nm cutoff filter were
subtracted from the ICL-time profile using a 320 nm cutoff
filter. The ICL-time profile for light from the 425-545 nm
region was calculated by subtracting the ICL-time profile using
a 545 nm cutoff filter from the ICL-time profile using a 425
nm cutoff filter.

Analysis of PP Doped with DPA Using CL-FTIR
Infrared Emission. The simultaneous CL-FTIR emission
spectrometer (CL-IES) has been described previously.21,30,31 For
FTIR emission spectroscopy, samples are required to be thin
(<10 µm) and have intimate contact with the platinum
hotplate to avoid formation of temperature gradients within
the sample and absorption of the emitted light by the
sample.30,31 Therefore, individual particles of PP doped with

DPA were pressed between polished steel disks in an hydraulic
press (under 10 tons for 20 min) to form a thin film.

The sample was heated to the oxidation temperature under
an inert atmosphere of nitrogen, and when the temperature
had stabilized the gas was switched to pure oxygen. FTIR
emission spectra were averaged over 32 scans with a 4 cm-1

resolution (∼25 s), and then the CL apparatus accumulated
photon counts over a 35 s period. This sequence was repeated
each minute during the oxidation of the polymer. Therefore,
CL data and FTIR data could 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.30 A total carbonyl
concentration-time profile was determined by plotting the
area under the broad 1690-1780 cm-1peak vs oxidation time.

Analysis of Undoped PP and PP Doped with DPA by
CL-DSC. The simultaneous CL-DSC apparatus consisted of
a Mettler Toledo DSC 821 differential scanning calorimeter
that was modified at the University of Sussex to enable the
attachment of a photomultiplier, the detector for the CL, above
the sample. A thin layer of powder (2.85 ( 0.01 mg) was placed
in an aluminum DSC pan for analysis. An empty aluminum
DSC pan was used as a reference. The DSC pans were used
uncapped to allow simultaneous monitoring of chemilumines-
cence intensity (ICL) and heat flow. The photon counter in the
CL apparatus was set to integrate over 10 s intervals. The
DSC measured heat flow every second. The sample was heated
to the oxidation temperature (150 °C) under a nitrogen
atmosphere, and when the temperature had stabilized, the gas
was switched to pure oxygen.

Results and Discussion
CL from PP Doped with Energy Acceptors and

CL Activators. ICL-time profiles for undoped PP and
PP doped with DPA and DBA are shown in Figure 1. It
is clear from the figure that doping PP with DPA has a
large effect on the shape and intensity of the ICL-time
profile. The maximum intensity increases from ap-
proximately 600 000 to 1.6 million counts. Furthermore
the position of the maximum shifts from about 1500 to

Figure 1. Comparison of ICL-time curves for the oxidation
at 150 °C of PP doped with DPA (-"-) and DBA (-b-) and
undoped PP (-2-). The sample analyzed was a thin layer of
powder weighing 2.65 ( 0.01 mg.
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approximately 750 s. In contrast, doping PP with DBA
had only a minor effect on the ICL-time profile. Similar
results were obtained at 140, 130, 120, and 100 °C
(results not shown). The possibility that DPA is signifi-
cantly altering the PP autoxidation process can be ruled
out from analysis of the results from CL-DSC and CL-
IES respectively, which are described below.

CL-DSC of Undoped PP and PP Doped with
DPA. Figure 2 compares the DSC heat-flow curves,
obtained using the CL-DSC apparatus, of the thermal
oxidation of undoped PP and PP doped with DPA. For
a system where only one reaction is taking place, the
heat flow, ∆Qm/dt, is related to the instantaneous rate
of reaction.32 However, DSC is a nonspecific technique,
so for systems where there are multiple parallel reac-
tions with different heats of reaction, ∆HR, occurring
simultaneously, a weighted average rate of reaction, ω,
is obtained for any given point in time (eq 11).

For auto-accelerating systems, such as oxidizing
polymers, the heat flow curve will be sensitive to any
additives that accelerate or slow the overall reaction,
such as radical scavengers or hydroperoxide decompos-
ers.33 For the concentration of DPA used the differences
in the heat-flow curves for PP doped with DPA and
undoped PP are minimal and are typical of repeat runs
for undoped PP. If DPA were accelerating the oxidation
of PP, the heat-flow curves would show a corresponding
change. However, there is no significant change despite
the differences in the ICL-time profiles for the two
samples. It is therefore concluded that the DPA is
altering the CL process and not the oxidation process
of PP.

It should be noted that the time to maximum ICL for
the PP doped with DPA measured in the conventional
CL apparatus and the CL-DSC apparatus are slightly
different. This is due to the different reaction geometries
of the two instruments. Oxidation reactions are very

sensitive to factors such as the flow rate of oxygen,
temperature, and headspace above sample. Usually,
repeatability for a particular instrument will be good
(( 1%), but when results between instruments are
compared and the reaction conditions cannot be ac-
curately reproduced then there will be differences,
especially at higher temperatures where the rate of
oxidation is higher. In addition, the different intensities
observed for the DPA ICL-time profiles in Figures 2 and
3 is due to the respective spectral sensitivities of the
different CL apparatus used.

CL-IES of PP Doped with DPA. Previously,21 we
have demonstrated that ICL-time profiles for oxidation
of undoped PP at a range of temperatures were propor-
tional to the corresponding carbonyl concentration-time
curves, when analyzed using simultaneous CL-IES.
Figure 3 compares the DPA ICL-time profile and the
carbonyl-time curve obtained from a simultaneous CL-
IES experiment during thermal oxidation of PP doped
with DPA. The carbonyl-time profile has a sigmoidal
shape, which is typical of PP oxidation.21 However,
Figure 3 shows that the DPA ICL-time profile is not
proportional to the carbonyl curve, and interestingly,
the maximum occurs at the inflection of the carbonyl
curve, suggesting that it is the derivative of the carbo-
nyl-time curve. This experiment also supports the
earlier conclusion that DPA is not significantly ac-
celerating the oxidation reaction because the shape of
the carbonyl concentration time curve is unaffected by
the presence of DPA.

Calculation of Corrected DBA and DPA ICL)

Time Profiles. Due to the low concentration of DPA
and DBA in the polymer (∼2 × 10-3 mol kg-1) the
assumption can be made that DPA and DBA CL do not
significantly affect the efficiency of the intrinsic PP CL.
Furthermore, DPA is an inefficient triplet energy ac-
ceptor, compared to DBA and thus should not undergo
a significant amount of energy transfer from the excited
triplet state of carbonyls present in oxidizing PP.
Therefore, ICL-time profiles for DPA and DBA CL can

Figure 2. Comparison of DPA ICL-time curve (-"-) with a
PP ICL-time curve (-2-) and their respective DSC heat
flow curves (• •, s) obtained from CL-DSC at 150 °C. The
sample analyzed was a thin layer of powder weighing 2.85 (
0.01 mg.

∆Qm

dt
) ∆HR1ω1 + ∆HR2ω2 + ∆HR3ω3 + ‚‚‚ + ∆HRnωn

(11)

Figure 3. Comparison of the carbonyl curve (-1-) and DPA
ICL-time curve (‚‚‚"‚‚‚) obtained from a single particle of PP
using the CL-IES apparatus at 150 °C under an oxygen
atmosphere.

Macromolecules, Vol. 34, No. 26, 2001 Thermal Oxidation of Polypropylene 9133



be generated by subtracting the PP ICL-time profile.
The normalized PP and corrected DPA and DBA ICL-
time profiles for oxidation at 150 °C are shown in Figure
4. The rate of light emission from the DPA-doped sample
rapidly increases to a maximum at 750 s and then
decays relatively quickly compared to that from DBA-
doped and undoped PP. The DBA curve rises to a
maximum at approximately 1250 s and decays. The PP
curve slowly rises to a maximum at about 2000 s and
decays very slowly after the maximum. It is clear from
this figure that each of these curves is different from
the others. The DPA doped and undoped ICL-time
curves at 140, 130, 120, and 100 °C exhibited similar
shapes to those observed Figure 4 except that the
position of the ICL maximum and the increased in an
Arrhenius fashion and correspondingly the intensity at
that maximum decreased according to an Arrhenius
relationship (data not shown).

Explanation of DBA ICL)Time Profile. The slight
intensification of CL observed when DBA is added to
PP in Figure 1 could be due to energy transfer from an
excited carbonyl (e.g., produced through free radical
recombination)22 to the more luminescent DBA. In this
case, energy transfer would involve an excited triplet
carbonyl to singlet acceptor transition. Usually such a
transition is highly spin forbidden and thus will have a
low probability. However, for DBA the bromine substit-
uents enhance the interaction between spin and orbital
magnetic momenta (spin-orbit coupling) of electrons,
which results in coupling of triplet and singlet states.34-36

This increases the probability of triplet-singlet radia-
tionless energy transfer compared to an unsubstituted
anthracene. The higher fluorescence efficiency of DBA
compared to the phosphorescence efficiency of triplet
carbonyls results in intensification of the observed CL.

The first singlet-excited state of DBA is 3.04 eV above
the ground state, which corresponds to a wavelength of
407 nm. Therefore, it would be expected that DBA would
undergo triplet-singlet radiationless energy transfer
from triplet-excited states of saturated carbonyls (e.g.,

saturated ketones emit phosphorescence at 360 nm,
which is equivalent to a triplet state energy of 3.44 eV).
Spectral analysis, described below, is consistent with
this mechanism.

Spectral Distribution of PP CL. Analysis of the
wavelength distribution of PP CL using a series of cutoff
filters reveals that different wavelength regions have
different ICL-time profiles. For example, in Figure 5 two
representative ICL-time profiles, corresponding to light
emitted in the ranges 320-360 and 465-545 nm
respectively, are compared to the PP ICL-time profile.
Others,37-39 have also observed light emission over such
a broad range and have reported that the profiles from
different wavelength regions are different. Furthermore,
the phosphorescence maximum of thermo and photo-
oxidized PP has been shown to shift to longer wave-
lengths with increasing oxidation times.40,41 Typically,
ICL-time profiles for shorter wavelengths have a maxi-
mum earlier than the ICL-time profiles of the longer
wavelength light. This is precisely what we observe. The
ICL-time profile for the 320-360 nm region has a
maximum at approximately 1500 s, which is earlier
than the ICL-time profile for the 425-545 nm region
(2250 s). Radiation transmitted by the filter system from
320 to 360 nm will include the shoulder of triplet
emission from saturated ketones having a peak at 390
nm,37 while that transmitted by the filter system from
425 to 545 nm region will include emission from triplet
unsaturated carbonyls.42

In Figure 6, it can be seen that the corrected DBA
profile and the 320-360 nm ICL-time profiles are
similar. Hence, it appears that DBA is undergoing
triplet-singlet energy transfer with triplet-excited car-
bonyls lying greater than 3.04 eV above ground state,
as proposed in the earlier section.

Observation of an ICL-time profile from the 360-320
nm region different from the PP ICL-time profile
necessitates analysis to determine whether classical

Figure 4. Comparison of normalized DPA (`), DBA (O), and
PP (-2-) ICL-time profiles from the thermal oxidation of PP
at 150 °C. The sample analyzed was a thin layer of powder
weighing 2.65 ( 0.01 mg.

Figure 5. Comparison of the ICL-time profile from the entire
spectral range (-2-) to ICL-time profiles from 320 to 360 nm
(-0-) and 425-545 nm (‚‚]‚‚). Data were obtained from PP
oxidizing at 150 °C under an oxygen atmosphere. The sample
was analyzed as a thin layer of powder weighing 2.65 ( 0.01
mg.
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mechanisms are responsible. Kinetic analysis of the
Russell mechanism (peroxy radical termination) and
that for CL from direct decomposition of hydroperox-
ides21 have shown that ICL-time profiles should be
proportional to the hydroperoxide concentration, so that
the integral of the ICL-time profile should be propor-
tional to the carbonyl-time curve. Hence, peroxy radical
termination and direct decomposition of hydroperoxides
can be tested as mechanisms for the production of CL
from 320 to 360 nm by comparing the integral of the
320-360 nm region to carbonyl profile.21 In Figure 7, it
can be seen that the integral of the 320-360 nm region
is not proportional to the ICL-time profile from the
entire spectral range. It should be noted that the ICL-

time profile from the entire spectral range is a good
approximation of the shape for the carbonyl-time
curve.21 Therefore, classical mechanisms of CL cannot
account for the 320-360 nm CL.

The 425-545 nm profile is almost identical to the PP
ICL-time profile with its maximum occurring at 2300
s, so clearly the integral of the curve will differ from
the carbonyl profile. Hence, the 425-545 nm region also
cannot be explained by classical mechanisms.

Explanation of DPA ICL)Time Profile. The change
in the PP ICL-time profile when DPA is present cannot
be due to energy transfer, because DPA and DBA have
similar singlet energies (3.16 and 3.04 eV respectively).
Furthermore, DBA should be a more efficient energy
transfer agent for triplet-singlet transitions, due to
enhanced spin-orbit coupling from the bromine func-
tionalities. For example, Vassil’ev34 observed that DBA
was approximately 25 times more efficient than DPA
at triplet-singlet energy transfer despite the higher
fluorescence efficiency of DPA. If energy transfer were
taking place, the DPA curve would be similar to the
DBA profile. From the study of the CL-DSC of these
samples, given earlier, it was ascertained that DPA is
not accelerating the oxidation reaction, so some other
explanation is required.

Further insight into the mechanism could be achieved
by comparing data from the CL apparatus (PP and DPA
ICL-time curves) to the data from the CL-IES (PP ICL-
time and carbonyl concentration-time curves). How-
ever, comparison between experiments performed on an
FTIES and a CL apparatus (as opposed to CL-IES) can
be difficult, primarily because of the discrepancy in the
sample size. For the CL experiments using the CL
apparatus, sample sizes of 2.65 mg were used. This
results in curves that are repeatable to ( 1%. However,
infrared emission spectroscopy requires a small thin
sample and, therefore, a flattened polymerization reac-
tor particle was used (∼0.02 mg). It has been demon-
strated that single particles can have inherently differ-
ent stabilities due to varying amounts of residual
stabilizer or polymerization catalyst.29 This results in
ICL-time profiles being different for different particles,
where all other experimental conditions are identical.
These differences were determined to be due to sample
heterogeneities such as differing amounts of residual
stabilizer or polymerization catalyst. The consequence
of this is that it is difficult to compare data from
different instrumentation.

It has been demonstrated that the ICL-time profiles
from different particles collapse to a single master curve
when the time scale is plotted on reduced coordinates
(t - tmax, where tmax is the maximum of the ICL-time
profile).45 In this study, we have sets of data from the
CL apparatus, i.e. DPA and PP ICL-time profiles and
sets of data from the CL-IES, i.e., PP ICL-time profiles
and carbonyl concentration-time profiles. The respec-
tive sets have their own time scales because they have
been collected under slightly different conditions. A
common time scale can be calculated by ratioing the
maxima of the PP ICL-time profiles obtained in the CL
apparatus and the CL-IES. When this was performed,
PP ICL-time curves from the CL apparatus and CL-IES
overlay. Therefore, DPA ICL-time profiles obtained with
the CL apparatus can be plotted on the same time scale
as the functional group profiles obtained by CL-IES.
Hence, comparisons can be made between the data.

Figure 6. Comparison of the DBA ICL-time curve (O) and
the 320-360 nm region ICL profile (-0-) for the thermal
oxidation of PP at 150 °C.

Figure 7. Comparison of the ICL-time profile from the entire
spectral region (-2-) (which is equivalent to the carbonyl
curve) to the integral of 320-360 nm ICL-time profile from
PP (-9-) oxidizing at 150 °C under an oxygen atmosphere.
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Various authors7-10,43,44 have demonstrated that DPA
and other easily oxidizable polyaromatic hydrocarbons
are capable of undergoing CIEEL reactions with various
peroxides. Analysis of eq 6 indicates that if the CL
activator concentration is constant, then the DPA ICL-
time profile will be proportional to the hydroperoxide
concentration.

Previously,21 we predicted that the integral of the
hydroperoxide curve should be proportional to the
carbonyl curve. This relationship is shown in eq 12,
where φâ is the fraction of alkoxy radicals, which
undergo scission to produce carbonyls, and k4 is the rate
constant for the decomposition of hydroperoxides. Analy-
sis of literature data for the oxidation of high impact
polystyrene46,47 and the PP48 was consistent with the
relationship in eq 12.

Therefore, if the corrected DPA ICL-time profile is
proportional to the hydroperoxide concentration, then
the integral of this curve should be proportional to the
carbonyl curve. In Figure 8, the normalized integral of
the DPA ICL-time profile is compared to the normalized
carbonyl profile obtained by CL-IES. The integral of the
DPA ICL-time profile fits the carbonyl curve very well.
This is a good result considering the data have been
obtained from independent techniques. All these results
are consistent with the DPA ICL-time profile being
proportional to the hydroperoxide concentration. There-
fore, these results are also consistent with the hypoth-
esis that DPA is reacting with peroxides formed during
oxidation via a CIEEL mechanism.

In the introduction it was noted that the quantum
yield of CIEEL reactions can range from 2 × 10-5 to as
high as 0.3 einstein mol-1.12,13 These values are several
orders of magnitude higher than those estimated for
direct peroxide decomposition or radical termination

reactions. From this it can be seen that only a small
amount of CL activator is required to generate a
significant amount of luminescence. In terms of the PP
CL mechanism only a small amount of an easily
oxidizable luminescent oxidation product needs to be
formed via a side reaction to enable CL to be observed.

The fact that DBA does not react with peroxides to
give a significant amount of luminescence can be easily
explained in terms of a CIEEL mechanism. The oxida-
tion potential of DBA is 1.42 eV, which is significantly
higher than that of DPA, which is 1.20 eV.7 The
efficiency of CIEEL reactions is governed by the
magnitude of the oxidation potential. In fact, the
intensity of light emitted during a CIEEL reaction
reduces exponentially with an increase in oxidation
potential.7-10,43,44 From extrapolation of the ln(light
intensity) vs oxidation potential graph from o-xylylene
peroxide7 as an example, CIEEL light emission from
DBA would be expected to be approximately 62 times
less than that of DPA, when the greater fluorescence
efficiency of DPA49 is taken into account. The contribu-
tion to CL emission from a CIEEL mechanism will
therefore be insignificant from DBA compared to DPA.
It should be noted that this value would vary for
different peroxides, the higher the reduction potential
of the peroxide the lower the efficiency of the CIEEL
reaction.

It has been suggested that consumption of DPA could
be responsible for the drop in CL observed in Figures 1
and 2. In response to this, heating of DPA in pure
oxygen at 150 °C yielded no observable light emission.
Furthermore, a drop off in DPA luminescence was
observed at the inflection point of the undoped ICL-time
profile for each oxidation temperature. A linear Arrhe-
nius plot was obtained for the change in the position
and intensity of the maximum of the DPA ICL-time
profile, which corresponded to the relationship obtained
for undoped PP (data not shown). These results suggest
that the DPA is not being converted into a nonlumines-
cent species, but rather is merely acting as a catalyst,
or is converted to a luminescent species with can also
undergo CIEEL.

Further Analysis of DBA and 320)360 nm
ICL)Time Profile. Above it was established that the
DPA ICL-time profile is a good measure of the change
in hydroperoxide concentration. Previously, we demon-
strated that the direct PP ICL-time profile is propor-
tional to the carbonyl concentration measured by FT
infrared emission spectroscopy.21 Analysis of these
curves can be performed to validate eq 10. Equation 10
predicts that if the CIEEL mechanism is operating, the
PP ICL-time profile will be proportional to the product
of the hydroperoxide and CL activator concentration,
where the CL activator is likely to be some carbonyl
compound. Figure 9 shows a comparison of the corrected
ICL -time profile for PP containing DBA and the product
of the ICL-time profiles for PP with DPA (i.e., [ROOH])
and for PP free of additives (i.e., [CdO]). The curves
show a good fit up to the maxima. The DBA ICL-time
profile represents the rate of emission of excited states
with energies higher than 3.04 eV above the ground
state and as shown earlier (Figure 7) is equivalent to
the CL from undoped PP in the spectral range 320-
360 nm. Therefore, it can be concluded that alkyl
hydroperoxides reacting with some carbonyl compound
is responsible for shorter wavelength CL. The kinetics
of this reaction are consistent with those in eq 10 for a

Figure 8. Comparison of a time normalized DPA ICL-time
profile (`) with the CdO (3) profile obtained by FTIES during
the oxidation of PP at 150 °C under an oxygen atmosphere.
The solid line (s) represents the integral of the DPA ICL-time
profile.

[PdO]t ) φâk4 ∫o

t
[POOH] dt (12)
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CIEEL reaction between a hydroperoxide and a carbonyl
as the activator, A. Interpreting their CL experiments
in terms of heterogeneous oxidation, Tiemblo et al.39

concluded that lower wavelengths of PP CL are due to
light emission in the oxidation front between the highly
oxidized and unoxidized polymer, i.e., the partially
oxidized region discussed in the Introduction in the
framework of the heterogeneous model. In this region
of the polymer, the concentration of alkyl hydroperox-
ides will be the highest.

Explanation of CL from the 425)545 nm Region.
Longer wavelength emissions are consistent with lumi-
nescence from R,â-unsaturated ketones.37,38,42 The CL
from longer wavelength regions is proportional to the
carbonyl concentration, or in heterogeneous terms is
proportional to the number of highly oxidized domains.
Tiemblo et al.39 have also proposed that light emission
from this wavelength region arises from reactions
occurring in highly oxidized regions of the polymer. In
these highly oxidized regions of the polymer, there will
be higher concentrations of acyl peroxides due to oxida-
tion of aldehydes. We propose that CL from longer
wavelengths is due to a CIEEL reaction between acyl
peroxides and R,â-unsaturated carbonyls as the activa-
tor, A. The extended conjugation of the R,â-unsaturated
carbonyl will favor stabilization of the radical cation,
so increasing the likelihood of CIEEL emission. Bill-
ingham et al.15 have also proposed that a majority of
CL observed during PP oxidation is from reactions
involving acyl peroxides.

Therefore, CL from short and long wavelengths can
be explained in terms of a CIEEL reaction between PP
peroxides and easily oxidizable luminescent oxidation
products. This situation is analogous to chemilumines-
cent decomposition of o-xylylene peroxide. Smith et al.7,8

have shown that a luminescent decomposition product
reacts with o-xylylene peroxide via a CIEEL mechanism
to yield CL.

Some Implications of This Work. It is clear from
this study that doping PP with a small amount of CL
activator can have a significant effect on the shape of

the ICL-time profile. Therefore, one should be mindful
of analyzing polymers containing additives, such as
antioxidants, that may have CL activator properties. In
many studies of CL from PP it has been reported that
the integral of the ICL-time curve is equivalent to the
oxygen uptake curve.16 This is consistent with the
results here for activated CL and indicates the presence
of easily oxidized (aromatic) hydrocarbon impurities in
many polymers.

In earlier studies of the heterogeneous model for the
oxidation of PP, ICL-time curves have been used to
determine parameters to model the spreading of PP
oxidation.26,50 In those studies, the PP ICL-time profile
was taken to represent the infectious fraction, which
will be equivalent to the hydroperoxide or radical
concentration. These studies indicate that this is not
correct. Therefore, further analysis is required to model
the oxidation data using DPA ICL-time profiles, which
will be a good measure of the infectious fraction.

Furthermore, the composition of the polymer itself
may be important in the interpretation of ICL-time
curves as representing the oxidation curve for subse-
quent kinetic analysis. The thermal oxidation of polya-
mides is a prime example of this. Lánská et al.51,52

demonstrated that polyamide (PA) samples with differ-
ent amounts of carboxylic acid, methyl, or amine func-
tionalities had significantly different ICL-time curves.
From this they concluded that CL could not be used to
assess polyamide oxidative stability.51 However, an
analysis of their results in the light of the above
conclusions enables the PA ICL-time profiles to be better
categorized into two shape types. These are the sigmoi-
dal type, similar to PP ICL-time profiles and the
Gaussian type, similar to DPA ICL-time profiles for PP.
The sigmoidal shaped curves were related to the total
oxygen uptake curves, while the Gaussian type curves
were related to the derivative of the total oxygen uptake
curves. Total oxygen uptake curves are a measure of
the total amount of oxidation that has occurred and
hence are similar to carbonyl profiles. It was found that
PA samples with Gaussian type profiles had high amine
concentrations. Amines have been demonstrated to react
with various peroxides via a CIEEL type mechanism.53-55

Hence, it can be concluded that amines are reacting with
the PA hydroperoxides via a CIEEL mechanism to give
a Gaussian type ICL-time profile that will be a measure
of the hydroperoxide concentration, or more correctly
the rate of hydroperoxide decomposition. The sigmoidal
curve could be due to the reaction of aldehydes formed
during oxidation with hydroperoxides as proposed by
Lánská et al.51,52,56 Using this analysis, the Gaussian
curves seen from polyamides can be treated as rate of
oxidation curves and the sigmoidal curves as accumula-
tion of oxidation to assess the stability of PA toward
thermal oxidation. When analyzed in this way, the ICL-
time profiles have great usefulness in the assessment
of polyamide oxidative stability.

Conclusions

CL emitted during the oxidation of PP was probed
by the addition of fluorescent polyaromatic hydrocar-
bons, DBA and DPA. DBA was found to have little effect
on PP CL. Therefore, energy transfer can be ruled out
as a mechanism to explain the observed deviations that
PP ICL-time profiles show from that expected from
classical CL mechanisms. DPA was found to have a
significant effect on the PP ICL-time profiles. CL-IES

Figure 9. Comparison of DBA ICL-time curve (O) and the
product of the DPA ICL (POOH) profile and the PP ICL-time
(CdO) profile (s -).
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and DSC-CL experiments demonstrated that the con-
centration of DPA used was not significantly affecting
the rate of auto-acceleration. The corrected DPA ICL-
time profiles were found to be proportional to the
hydroperoxide concentration. The DPA ICL-time profile
is consistent with a CIEEL reaction between DPA and
polymer hydroperoxides.

Spectral analysis of the PP ICL-time profiles showed
that there are at least two different contributions from
different wavelength regions: the first is from shorter
wavelengths due to emission from saturated carbonyls
and the second is from longer wavelengths due to R,â-
unsaturated carbonyls. Analysis of the kinetics demon-
strated that the shorter wavelength region, which is
similar to the DBA ICL-time profile, is consistent with
the reaction of hydroperoxides with a carbonyl species
via a CIEEL mechanism. The longer wavelength ICL-
time profile is proportional to the carbonyl concentra-
tion. Therefore, this light emission must be due to
reactions occurring in the highly oxidized regions of the
polymer. These reactions would most likely involve acyl
peroxides and unsaturated carbonyls and could occur
via CIEEL mechanism, which is a general mechanism
for CL from peroxides.
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