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Chemiluminescence for the Early
Detection of Weathering
Effects of Coatings

Part Il: Experimental Set-Up and Examination

by Volker Wachtendorf and Anja Geburtig
BAM Federal Institute for Materials Research and Testing

In this two-part series, the analyti-
cal technique of chemiluminescence for
early detection of weathering effects
is presented. Part | (see April 2010
CoatingsTech, page 66) introduced the
fundamentals of chemiluminescence.
This concluding Part Il presents the ex-
perimental set-up and examines chemi-
luminescence modes and combinations
with other techniques.

EXPERIMENTAL

Set-Up

The chemiluminescence (CL) cell
consists of an oven and a physical device
sensitive enough to detect the weak emis-
sion of CL photons. Typically, either a pho-
tomultiplier or CCD detector is used for
the latter. Sample and oven are placed in
a gas-tight cell that allows exposure of the
sample with gases and that incorporates
a quartz window that allows the emission
to leave the cell and enter the detector.

The principal set-up is represented
in Figure 8. (Part | of this article contains
Figures 1-7.) While oxygen is blown into
the CL cell to start the auto-oxidation
reaction to be detected as CL emission,
alternatively nitrogen is used, especially
during heat-up phases. This allows the
detection of dissolved oxygen or the
break-up of hydroperoxides (formed in the
prior history of the sample) already in the
sample. In those two special cases men-
tioned, a heat-up under nitrogen would
generate CL emissions until this source
of oxygen is used up. If no further hydro-

peroxides or dissolved oxygen is in the

sample, the detected emissions should
be only in the order of the background

noise of the detection system.

In most cases, apart from initial heat-
up, isothermal temperature curves are
applied, while the alternative linear heat-up
is used more rarely. Either way, it has to be
taken into account that the CL emission ob-
served is influenced by the temperature de-
pendence of the reaction rate constant, the
aging process, and transport properties of
ambient gaseous oxygen into the sample.

Choice of Investigation
Temperature

An important experimental factor
of the CL investigation of weathered
samples is the temperature up to which
the sample is heated in the CL investiga-
tion. On one hand, a raise in temperature
increases the reaction rate of the oxida-
tion reaction and hence the CL emission
(Figure 9). On the other hand, the investi-
gation temperature should generally not
exceed normal conditions of exposure.
The latter demand is important even in
the case when CL only is used to evaluate
rankings of oxidative stabilities of differ-
ent materials. Temperatures higher than
those under normal exposure conditions
might open degradation paths that do not
occur under normal exposure conditions
for one material. However, this may not
occur for the others, thus relatively disfa-
voring the sensitive material in the evalu-
ation, which might be completely irrele-
vant under actual exposure conditions.
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Figure 8—Principal set-up for CL measurement consisting
of a gas-tight oven, a detector for the weak CL emission,
and a gas inlet and outlet.

An example of this might be a different sensitivity
to high temperature for different stabilizers used in
various plastic materials in a CL evaluation.

Quantum Efficiency

As outlined in equation (1) (see Part |, April
2010 CoatingsTech, page 68), the quantum ef-
ficiency of the process influences the observed
CL emission. This quantum efficiency is material
specific and characterizes the probability that a
photon actually is emitted after chemical excitation
of a molecule into an electronic excited state. Its
value can vary dramatically from one material to
the next between the possible maximum of 1 (each
excited molecule emits a photon) found for fluoro-
phores down to a typical value for less ideal emit-
ters, as found for most polymers, of 108 to 1015,

The quantum efficiency is difficult to deter-
mine but becomes important as soon as different
materials are compared in terms of their absolute
CL emission. As will be shown in the Applications
section, one approximation to get around the dif-

ficult determination of the quantum efficiency
consists of a normalization procedure of the CL
emissions of the aged material to the CL emission
of the unexposed one.

Usually, a real sample is not a single material
but rather consists of a mixture of different mate-
rials, each of which will contribute to the overall
CL emission according to its quantum efficiency
and its reaction rate. The observed CL emission is
the sum of these individual CL emissions of each
component in the system. Apart from the poly-
mer matrix, additives such as stabilizers, fillers,
unreacted adducts, catalyst residues, and other
contaminations can also contribute. Even if their
relative concentration is low, a high quantum ef-
ficiency for these components can mean that the
overall CL emission can be influenced by it in an
over-concentration-proportional way.

APPLICATIONS

Comparison of Specific Points in
the CL Curve

As already mentioned in the Principles of
Chemiluminescence section, two possible specific
points (Figure 3 in Part 1) could be used to charac-
terize a CL curve:

¢ the duration of the induction time of oxidation
(after which the propagation period starts)

e the time to reach a maximum of the CL
emission

In many cases, a comparison of the oxidative
stablity based on the evaluation as induction time
will lead to very similar or the same rankings as
an evaluation on the basis of the CL maxima. An
evaluation on the basis of induction time, how-
ever, at times can be difficult as the system may
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Figure 9—CL emission of an
LDPE at three different CL
investigation temperatures
(isothermally). Linear CL
emission scale for big diagram
and logarithmic emission scale
for smaller inlet.
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not show a quasi constant CL emission prior to
the end of the induction time and/or a nonlinear
rise after the end of the induction period. This
then makes a construction of the induction period
as the intersection of two tangents more difficult
(Figure 10).

A possible reason for this non-ideal behavior
could be the superimposition of the oxidation re-
action with diffusion of oxygen into the polymeric
sample, which is altered drastically near the glass
transition temperature (Tg) of amorphous or semi-
crystalline polymers (where many related proper-
ties can change by orders of magnitudes).

A major advantage of the evaluation of the CL
emission curve at specific points compared to the
evaluation of absolute emissions is the indepen-
dence of the quantum efficiency of the respective
CL emitting system. The main disadvantage is the
need to pursue the CL experiment until the induc-
tion time has been overcome and the CL emission
rises to the maximum. This duration can be pro-
hibitively long for stabilized systems.

The first example for model LDPE agricultural
films stabilized with a low concentration of HAS
(hindered amine [UV] stabilizer) of 0.2% (Figure 11)
shows the systematic influence of a variation in the
duration of a weathering exposure from unexposed
to 42 days artificial ADF test on the subsequent CL
emission curves.

The example shows a systematic decrease
in the duration to reach the CL maximum with
increasing weathering exposure. In absolute CL
emissions there also is a systematic increase
with increasing exposure duration up to 21 days.
However, there is a decrease in emissions for 42
days again, which is thought to be caused by a

change in quantum efficiency due to the weather-
ing exposure-caused degradation process.

It should be noted that a very high temperature
of 172°C was used for this CL investigation (while
the artificial ADF test was conducted at tempera-
tures up to 60°C). The main reason to do so was
the reduction of resulting time to reach the CL
maximum compared to lower CL investigation tem-
peratures. However, it should be pointed out that
the HAS used in the samples can migrate out of
the sample and be rendered inefficient at a much
higher extent than at actual application tempera-
tures. If different stabilizers had been compared,
different rates for migration and thermal deactiva-
tion could be different at those higher tempera-
tures, and, as such, unproportionally affect some
stabilizers over others as compared to maximum
application conditions.

Comparisons of Absolute CL Emissions

The advantage of this approach is the fact
that, especially for stabilized samples, it is not
necessary to wait the long exposure time un-
til the end of induction time. Instead, in many
cases, it is only necessary to wait for the abso-
lute emissions to exceed the noise level. Given
that the sensitivity of the CL instrumentation is
sufficiently high, this often allows one to compare
different samples at much shorter exposure du-
rations. The disadvantage results from the com-
parison of absolute emissions, which for different
samples means that the respective quantum ef-
ficiency has to be taken into account.

An approach that avoids the cumbersome
determination of the respective quantum efficien-
cies of all sample materials to be compared1® 1617
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Figure 11—CL investigation of the influence of artificial weathering dura-

tion (BAM developed Acid Dew and Fog test ADF-J 1,5) for a model LDPE
stabilized with 0.2% Hostavin N30 HALS under air, isotherm at 172°C. (BAM
is the acronym for German translation of Federal Institute for Materials
Research and Testing.)

Figure 10—Construction of the induction time in the case of a
non-ideal course of a CL emission curve.
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for temperatures between 115°C and 140°C, the
stability ranking is #3>#1>#2. As temperatures on
real car surfaces can reach up to 90°C, the region
up to this temperature and below it is considered
most relevant.

More comprehensive recent studies of the
weathering effects of automotive coatings using
the CL evaluation®? showed that the duration of
the artificial weathering could be reduced by at
least a factor of 2-3 compared to macroscopic
evaluation techniques like visual assessment or
haze and gloss measurements. This implies, how-
ever, that the demands to rank correlation are
reduced to screening group correlations of good,
medium, and low performances.

SPECIAL CL MODES AND COMBINATIONS
WITH OTHER TECHNIQUES

The signal derived with CL often is able to
reveal very sensitively if a change in the oxidative
stability of a material occurs. However, work only

starts at that point to investigate what actually
caused the change chemically. A few possible tech-
niques that can be used to gain further information
are listed as follows:

Spectrally Resolved CL

Whereas the CL discussed so far was exclusively
examined as wavelength integral signal, either sets
of bandpass filters or monochromators can be used
to split the signal into wavelength ranges.

Theoretically, the additional spectral infor-
mation could be used to identify the reacting spe-
cies. However, in most cases the spectral resolu-
tion does not help further since signal intensity is
often insufficient and, with reacting species in high
concentrations in condensed matter, energy trans-
fer will occur and only the species with the highest
quantum efficiency will determine the observed
spectrum. Moreover, at least spectra of polymers
show very few and broad bands and do not give
much information for differentiation.8



Imaging CL"

By means of imaging onto an array of photon
detectors (mostly CCD), heterogeneities within
the oxidation of the surface of the sample can be
investigated. In this way, for instance, inhomoge-
neous distributions of components of the sample
or inhomogenously damaged areas of the sample
can be identified.

Since this surface of the sample could be pre-
pared as the cross-section of a material, this can
be used to investigate oxidation profiles.2°

Combination with Other
Analytical Techniques

Due to the complexity of the quantum ef-
ficiency determination, only relative reaction
rate values can be compared for the different
samples. To evaluate the absolute reaction rate
(for instance, to determine the concentrations of
oxidation products), additional techniques have to
be applied.

By combining the information from CL with
the information gained from other techniques,
an interpretation of CL measurements only then
becomes possible.

An interesting addition in this sense, oxida-
tion uptake has emerged over the last couple of
years,?! as well as carbon dioxide evolution,?? while
combination or coupling with established tech-
niques like IR23 or DSC?* have already been in use
for a longer time.

CONCLUSIONS

The CL signal monitors the ongoing oxidation
reactions very sensitively and selectively. As most
aging reactions are related to oxidation reactions,
CL is suited to follow aging. These properties
enable CL to shorten the long duration of weather-
ing tests of polymeric materials including paints
and varnishes.

The observed CL signal in response to a tem-
perature program is the result of the superposition
of the temperature dependence of the reaction
rate constant, the aging process, and transport
phenomena.

Normally, weathering tests aim at certain
macroscopic properties. As these macroscopic
properties need a high number of damages to
accumulate before a change can be detected,
weathering tests of very long duration result.
However, with a sensitive substitute property like
CL, a change can be detected much earlier. The
substitution means that only ranks can be com-
pared. In addition, the detection and an earlier

state of the aging reaction can mean that ranks
can be different until the later stage that was
needed for the macroscopic property that was to
be substituted.

For the evaluation of the CL signal, either its
course over time can be used and certain critical
points like the end of induction time, or reach-
ing the maximum emission can be determined,
or a comparison of absolute emissions can be
applied. The latter approach allows shorter dura-
tion of the test and lower temperatures to be
applied during the CL test but necessitates ac-
counting for the different quantum efficiencies
of different samples.

To determine mechanisms, the investigation of
the CL signal has to be complemented using other
analytical techniques such as IR. ®
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