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Abstract

In this study we utilized step-scan photoacoustic Fourier transform IR (SS-PA-FT-IR) spectroscopy to examine surface/interfacial proper-
ties of thermoplastic olefins (TPOs). This approach, combined with 2D FT-IR correlation analysis, allowed us to determine stratification
processes in TPOs. These studies showed that the talc and polypropylene (PP) crystalline phase in TPO stratifies within the first 6—30 pm
from the surface. Specifically, the PP crystalline phase exists at about 6.5 wm from the surface and its content diminishes at 7.1 wm, followed
by reappearance around 11.3 wm, and becomes more prevalent upon approaching the bulk of TPO. Talc concentration levels show a similar
pattern of change with depth across the interface, although absolute concentration levels differ from those of crystalline PP. These studies
also demonstrated that SS-PA-FT-IR is a powerful tool in surface analysis, in particular for surface/interfacial analysis of multi-component
polymeric systems. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Thermoplastic olefins (TPOs) are composite organic/
inorganic systems that consist of a number of components,
such as polypropylene (PP) with its various crystalline
forms, ethylene—propylene rubber (EPR) and ethylene—
butylene rubber (EBR) elastomers, and talc (Mg(OH),.
Si40g). Because injection molding is a common manufac-
turing process used in the production of TPOs, thermal and
shear gradients may result in component stratification, thus
resulting in different surface and interfacial properties [1—
3]. Previous depth profiling studies [4] utilizing continuous
scan photoacoustic FT-IR (PA-FT-IR) spectroscopy showed
that talc is preferentially located at 5-7 pm below the
surface, while crystalline PP is detected at 7—9 wm depths.
On the other hand, an EPR layer was detected at 15 pum
from the surface and extends into the bulk PP. This elasto-
mer rich region corresponds to the area, in the current
experiments, with a PP crystalline phase and talc depletion.
Recently, the utility of step-scan PA (SS-PA) analysis for
sample stratification has also been demonstrated [5].
Although these studies established the fact that PA-FT-IR
spectroscopy can be effectively used in the analysis of
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multi-component systems, further understanding of stratifi-
cation processes is necessary in order to relate usually
small molecular level changes with significant macroscopic
properties.

For that reason we expand the scope of the previous
studies and utilize phase analysis [5] in PA-FT-IR surface
depth profiling experiments. The majority of methods used
for analysis of multi-component systems, such as TPO, are
destructive. The technique that offers non-destructive
features and allows probing surfaces on a molecular level
is step-scan photoacoustic Fourier transform IR (SS-PA-FT-
IR) spectroscopy. SS-PA-FT-IR experiments can be utilized
to collect information from selectable and constant depths
from the sample surface, but limitations may arise due to
interference of signals from sample areas above the desired
sampling depth. In order for the signal to be produced, heat
generated within the first thermal diffusion length should
travel through the sample from the depth of origin to the
surface. Phase rotational analysis [6—9] attempts to mini-
mize or overcome these limitations. Furthermore, it is bene-
ficial to spread the spectral information over another
dimension, which can be accomplished by introducing
time dependence to the signal detection, and monitoring
the sample response to perturbations. While various external
perturbations, including mechanical, heat, and magnetic
field variations, have been employed to induce time
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dependence into a system [6,10—14], photothermal internal
perturbations have been employed without the realization
that this is an internal perturbation [6,15,16]. Although
Jiang et al. [17] pointed out that this analysis can utilize
PA amplitude and phase correlations, the mechanism
describing this type of perturbation and two-dimensional
aspects used to enhance spatial resolution to determine stra-
tification and interactions among surface components were
not addressed. Our goal is to take advantage of the fact that
photothermal effects in PA-FT-IR detection generate inter-
nal perturbations and apply this approach to determine
stratification and interactions among TPO components.

2. Experimental

Compounded TPO specimens were obtained from Ford
Motor Company as 3.8 mm thick injection molded plaques.
PA-FT-IR spectra were recorded using a Bruker Instruments
Equinox 55 FT-IR spectrometer in a SS mode and equipped
with a MTEC Model 100 PA accessory. Before each data
collection, the PA cell was purged with dry He for 5 min.
The spectra were collected in the 4000—400 cm ™" spectral
region, with a spectral resolution of 8 cm ™' and double-
sided interferograms. Four modulation frequencies, 585,
488, 195, and 22 Hz, were employed to collect data, and
spectral phase angle settings were set automatically by the
instrument using the instrumentally determined phase angle
maximum of a carbon black filled elastomer reference. The
necessity of using modulated light comes from the fact that
the thermal diffusion length (uy,) is inversely proportional
to the square root of modulation frequency (f) and the
proportionality constant is thermal diffusivity « [18].
Because f =2V, where V is a speed of a mirror in
Michelson interferometer (cm) and v is the wavenumber
(em™), wg is v dependant. Although this relationship is
highly advantageous because by changing f, one can change
the distance from which thermal waves can reach the
surface, its major drawback is the wavenumber dependence.
That is molecular information from, for example,
3000 cm ™! will come from shallower surface depths that
that from 1000 cm ~'. In an effort to overcome this problem
SS modes in an interferometric detection can be used, which
is accomplished by stopping a mirror at a given retardation
point and oscillating it with the frequency fat a given wave-

Table 1

number. Thus, the Fourier frequency f now is an oscillation
frequency, all wavenumbers are modulated at the same
Fourier frequency, data collection is continued point-by-
point in a SS fashion, and the spectrum is obtained. As a
result, f, and therefore u,, become independent of v.

It should be pointed out that the conversion of electro-
magnetic energy to thermal waves in the PA effect may
occur not only via thermal de-excitation, which is primarily
considered here, but also through luminescence, photo-
chemical and photo-electrical processes, and the energy
transfer. In this case the instrument automatically maxi-
mizes the signal detected by sequentially examining all
phase angles for maximum detector response. This signal
represents the surface of this reference material, and the
resulting phase angle is directed to the in-phase (I) detector
channel and represents strongly absorbing surface signal
equal to in-phase (0°) signal. Replacement of the reference
with a specimen of interest and collection of two orthogonal
signals (0 and 90°) completes the data collection process
[17]. Each modulation frequency produces a characteristic
instrumental phase value. The number of spectral co-addi-
tions needed for a satisfactory signal-to-noise ratio depends
on the modulation frequency used for the data collection. In
a typical experiment, higher modulation frequencies require
longer acquisition times.

In our effort to estimate the depths from which signal is
detected it is necessary to know thermal properties of a speci-
men. In the case of TPO the following values were used for
calculations of thermal diffusivity (a): PP thermal con-
ductivity, k = 0.00135 W/cm K, density, p = 0.902 g/cm3,
and specific heat, C, = 1.926 J/g K. The resulting calcu-
lated value of «, 7.8 X 107* cm2/s, was used to estimate
the penetration which corresponds to photothermal pertur-
bation depth. While Section 3 provides a mathematical
description of PA depth of penetration equations, Table 1
correlates modulation frequency and approximate depths of
perturbation. It should be noted that this is only an estimate
of thermal properties of TPO; however, because PP repre-
sents about 70% of the total mixture, and since the EPR/
EBR, which is one of the other main components of TPO,
exhibits similar thermal properties, this estimate is quite
reliable.

Opus software (Bruker Instruments) was used for data
manipulation, including 2D FT-IR analysis. All spectra
were normalized to the 1460 cm ™' band [19] recorded at

Correlation between modulation frequency and band intensities due to talc and PP (response of the 1166 and 1019 cm " bands to photothermal perturbation as

a function of penetration depth)

The 1166 cm ™" band
correlation intensity

Modulation
frequency (Hz)

Approximate
penetration depth (um)

The 1019 cm ™' band
correlation intensity

585 53 (moderate) 6.5
488 16 (very weak) 7.1
195 25 (weak) 11.3

22 80 (strong) 33.6

406 (strong)
337 (moderate)
259 (moderate)
419 (strong)
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22 Hz for 2D correlation. For in-phase analysis, the spectra
were first normalized and corresponding in-quadrature data
were multiplied by the same normalization constant.
Baseline correction was carried out on the in-phase (I) spec-
tra. Contour levels were adjusted to illustrate the area of
interest in the 22 Hz spectra and were held constant during
the subsequent 2D correlations for other modulation
frequencies.

3. Results and discussion

As stated above and established in the literature [20-23],
SS-PA-FT-IR spectroscopy is a non-destructive method
which can be used for surface depth profiling by variation
of the thermal diffusion length. The origin of the PA effect is
absorption of the incident infrared radiation and subsequent
relaxation of vibrationally excited bands to produce thermal
fluctuations in a surrounding coupling gas. As a result, ther-
mal waves are generated [24], and the depths from which
they originate is described by the following relationship:

ps = Qalmf)'?

where p is the thermal diffusion length of the sample being
studied, « is the thermal diffusivity, and f is the Fourier
frequency. The Fourier frequency (f) is in turn defined by
the following equation:

f=2Vv

In this context, V is defined as the mirror velocity of the
interferometer and v is the wavenumber of the radiation for
a desired band. PA data collection depends on the thermal
diffusion length that is varied by the choice of the Fourier
frequency (f). In a linear scan, this is accomplished by the
choice of a mirror velocity. However, this approach results
in a different probe depth for each wavenumber of radiation.
SS-PA overcomes this limitation by serially varying modu-
lation frequency, thereby removing the wavenumber depen-
dence, which allows an estimate of the depth profile of the
sample to be obtained [6,25].

In an effort to obtain finer depth profiling, phase rotation
experiments can be employed [7-9]. This approach is simi-
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Fig. 1. Step-scan photoacoustic FT-IR spectrum of TPO recorded using
22 Hz modulation frequency.

lar to decomposing a vector into its x and y values, where the
in-phase (0°) and in-quadrature (90°) spectra are known, and
a unique vector corresponding to a phase rotation angle is
obtained. Mathematical manipulations of in-phase and in-
quadrature spectra will result in a spectrum represented by
the following equation:

Y=17Icos 6+ Qsin 0

where ¥ is the phase rotation magnitude, [ is the 0° or in-
phase spectrum, Q is the 90° or in-quadrature spectrum, and
0 is the phase rotation angle. Using this approach, spectra
representing the area between the 0 and 90° spectra are
generated, with each phase angle representing different
depths. From this theoretical treatment [9], it follows that
smaller phase angles will contain a greater contribution
from the in-phase spectrum, and will therefore exhibit
more surface character. Larger phase rotation angles will
have a greater contribution from the in-quadrature spectrum
and exhibit a greater bulk character. Light absorption is a
function of the optical absorption coefficient () and this
dependence results in an exponential decay in the propaga-
tion of light, which implies that the spectral areas repre-
sented by the phase-rotated spectra probably vary in a
non-linear manner, with successively deeper areas repre-
senting thinner slices away from the surface as less light
reaches these regions.

With this background in mind, let us establish character-
istic spectral features of TPOs. Fig. 1 shows a 22 Hz modu-
lation frequency SS spectrum of TPO in the 1500—600 cm '
spectral region. According to Table 1, this modulation
frequency corresponds to an approximately 33.6 wm depth
from the surface. As seen in Fig. 1, there are several spectral
features that correspond to PP and talc, which can be used to
monitor the presence of these components as a function of
depth. The 1460 cm ' band is attributed to the CH, asym-
metric bending modes of bulk PP. Since this band is isolated
from other vibrational modes, it can be useful for normal-
ization purposes [18]. The band located at 973 cm ™' is a
combination mode of molecular vibrations resulting from
the CH; rocking and C—C chain stretching bands, and has
components attributed to bulk and crystalline PP. Talc exhi-
bits a band at 1019 cm ™' which is attributed to the Si—O
stretching vibrations. While PP transcrystalline bands are
detected at 1166 and 841 cm_l, the shoulder at 1152 ¢cm ™!
characterizes its amorphous component [26—-28].

Once component identification becomes possible, the
next step is exploration of stratification among the compo-
nents across the surface. Fig. 2, Trace A, shows PA-FT-IR
spectrum of TPO recorded from 6.5 pm (585 Hz) and after
phase rotation. At 105° phase angle, the band at 1019 cm ™",
which is attributed to the Si—O stretching modes of talc, is at
a maximum, while the band at 844 cm ', attributed to TPO
crystallinity, does not reach a maximum. As the phase rota-
tion continues to 130° (Trace B), the band at 1019 cm”!
folds over onto itself, and the band at 844 cm”~ ! now reaches
a maximum. The fact that the bands reach a maximum at
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Fig. 2. Step-scan photoacoustic FT-IR spectrum of TPO recorded using
585 Hz modulation frequency. Trace A: phase angle = 105°. Trace B:
phase angle = 130°.

different phase angles due to different chemical species
results from photothermal phase lag [29]. As indicated
earlier, signal processing in SS-PA-FT-IR is accomplished
by the detection of two signals: the thermal wave that is in
phase with the incident IR light and a thermal wave that was
generated deeper within the thickness. Thus, heat is gener-
ated at different depths within the sample thickness and will
take various amounts of time to travel to the sample surface
where it can contribute to the PA signal. The result is that
components from different depths within the sample will
respond at different times. Since phase angle changes for
signal maximization originate from phase lags of the PA
signal generated from different regions in the sample, this
behavior indicates that TPO stratifies. Since the 1019 cm ™
band folds over first, as the phase angle changes from 105 to
130°, the component responsible for this band is detected at
shallower depths. Qualitative assignments of depth are
possible because instrumental phase variations are cancelled
out through the use of a carbon black phase reference. These
results also indicate that a crystalline region of PP is further
away from the surface than talc.

Since characterization by a single modulation frequency
only provides partial stratification information, other modu-
lation frequencies will be examined. Fig. 3 shows in-phase
and in-quadrature spectra of a TPO sample in the
1200—1000 cm ' region. These spectra were collected in
a SS mode at a depth of 6.5 wm (585 Hz). At 120° phase
angle (Trace A) the band at 1019 cm ! and the band at
1166 cm ™' due to TPO crystallinity are pointing upwards.
At 135° phase angle (Trace B), the band at 1019 cm ™' folds
over onto itself while the band at 1166 cm ™' is still pointing
upwards. As rotation continues to 150° (Trace C), both
bands eventually become negative. These results confirm
the data discussed in Fig. 2 and also indicate that the talc
and PP components stratify. The choice of 585 Hz modula-
tion frequency was dictated by the fact that this frequency
provides an approximately 6.5 pwm depth of penetration and
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Fig. 3. Step-scan photoacoustic FT-IR spectra of TPO recorded using
585 Hz modulation frequency. Traces A—C were obtained using 120—
153° phase angles.

initial analysis showed a lag in the PA phase between
components at this modulation frequency.

Since the phase rotation analysis provides information
about stratification of the TPO components, a 2D correlation
analysis of SS-PA-FT-IR spectra at several modulation
frequencies will be employed allowing a measurement of
phase and magnitude properties at the same time. In this
case, perturbation is accomplished by utilization of the
photothermal effect, in which sinusoidally modulated IR
light is absorbed, followed by conversion into thermal
energy propagating in a sinusoidal manner. As a result of
heat evolution, internal perturbation occurs that results from
thermal waves propagating through the specimen. Thermal
diffusion length, wy, that is a distance from which thermal
waves can reach the surface, is controlled by choosing the
modulation frequency [19,20]. Using this perturbation it is
possible to establish the time dependence of the PA signal,
which ultimately will allow us to determine which particular
chemical functional groups or species are present at a parti-
cular depth from the sample surface.

In an effort to obtain spectral information from various
depths, 585, 488, 195, and 22 Hz modulation frequencies
were chosen. These modulation frequencies correspond to
approximate penetration depths of 6.5, 7.1, 11.3, and
33.6 wm, respectively. Following 2D FT-IR principles
[10—-13], analysis of auto-peaks, spectral features occurring
on the diagonal of synchronous correlation diagrams, repre-
sent species that respond in-phase with the perturbation. In
this case the perturbation is the photothermal effect which
provides depth information due to thermal phase lags with
respect to input IR radiation. Auto-correlation at a given
modulation frequency indicates that both surface and bulk
signals act in a coherent manner. If correlation intensity is
present for a given wavenumber in the auto-peak position,
the chemical species or functional groups are present at that
depth. Furthermore, an increase in auto-correlation bands
when comparing data from different modulation frequencies
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indicates a relative increase of concentration level for the
species exhibiting the increase in correlation intensity. The
results of synchronous 2D-correlation analysis performed
on TPO at various probe depths are shown in Fig. 4a—d.
According to the synchronous correlation diagrams
shown in Fig. 4a—d, a PA intensity column was added to
Table 1 which illustrates the results of 2D FT-IR syn-
chronous correlation analysis, for which the bands at 1019
and 1166 cm ™! were used. As we recall, these bands are the
Si—O vibrations in talc and transcrystalline PP, respectively.
Table 1 shows how auto-correlation intensity changes occur
with respect to modulation frequency. Based on the correla-
tion intensity data it can be seen that PP exhibits less inten-
sity than talc at all levels, which is the result of different
extinction coefficients for the two bands. As a result, the
contour levels must be adjusted to focus on the area of
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interest when examining multiple components. It should
be kept in mind that the data is intact, only the point at
which slices are made through the data is being changed.
At 6.5 um from the surface (Fig. 4a), the band due to PP
crystallinity exhibits moderate intensity relative to the
correlation intensities obtained from other depths. At
7.1 pm (Fig. 4b) the correlation intensity due to the PP
crystallinity vanishes, indicating that this species is no
longer present at the probed depth. As perturbation depth
increases further to 11.3 wm (Fig. 4c¢), a trace of PP crystal-
linity is detected as indicated by weak correlation intensity
appearing again on the diagonal. At 33.6 pm (Fig. 4d), there
is strong correlation intensity due to both species, indicating
that PP and talc exist in greater amounts at this depth than
the preceding probed depth.

Using these data the stratification diagram shown in Fig. 5
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Fig. 4. 2D synchronous correlation step-scan FT-IR spectrum recorded at (a) 585 Hz, (b) 488 Hz, (c) 195 Hz, and (d) 22 Hz of TPO in the range of talc

absorption.
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Fig. 5. Stratification of talc and PP in TPO surface.

was constructed with respect to the distribution of PP crys-
tallinity in TPO. In order to examine talc concentration
changes, contour levels that more closely approach the
talc maximum correlation intensity are chosen. As seen at
6.5 pm (Fig. 4a) from the surface, the band due to talc
exhibits strong correlation intensity, but at 7.1 pm
(Fig. 4b) the correlation intensity decreases. As perturbation
depth increases further to 11.3 wm (Fig. 4c), the talc corre-
lation intensity remains moderate and at 33.6 pm (Fig. 4d)
becomes strong due to the presence of talc at this depth.

4. Conclusions

These studies show that the use of an internal perturbation
caused by the photothermal effect allows enhancement of
the PA response from various surface depths. The combined
use of phase and 2D correlation analyses allowed us to
determine that individual components of TPO stratify as a
result of thermal history and processing. It was found that
there are talc rich regions near the surface (6.5 wm) of the
TPO along with transcrystalline PP. At depths ranging from
7.1 to 11.3 pm, talc content as well as PP transcrystalline
phase decrease. As the sample is probed at 33.6 wm, another
talc rich region becomes apparent and bulk PP shows a large
increase in crystallinity. Earlier in the paper it was noted
that these areas rich in PP crystalline phase and talc are
expected to have a decreased concentration of elastomer
and PP amorphous phase. As noted in the introduction,
such surface stratification processes in TPO might have a
very significant influence on adhesion of organic films to
TPO.
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