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SYNOPSIS

A comparative study between the specular reflectance and photoacoustic FTIR techniques
is presented in this work. The potential and limitations of these two methods are investigated
by following and analyzing structural variations that take place at the surface in annealed
injection-molded polyamide 6,6. Both spectroscopic techniques appear to be quite sensitive
in detecting small structural changes that occur in polyamide 6,6 when submitted to different
annealing temperatures. However, the presence of distorted bands in the specular reflection
spectra makes the photoacoustic FTTR method more attractive for the IR vibrational analysis
of difficult materials (e.g., composites, black-filled polymers, paints, etc.) that cannot be
easily characterized by conventional transmission FTIR. © 1994 John Wiley & Sons, Inc.

INTRODUCTION

In the last decade new FTIR methods have appeared
and been developed such as diffuse reflection
(DRIFT), photoacoustic (PA-FTIR), microscopy,
or emission Fourier transform spectroscopies, es-
pecially as a result of the advantages of Fourier
transform techniques and improvements in acces-
sories. Several excellent reviews ' of these different
techniques have been published. Although these
methods yield spectra of much lower quality (i.e.,
lower signal-to-noise ratio) than that obtained with
the conventional infrared transmission experiment,
they allow the analysis of specimens with minimum
sample preparation without solvent casting, grind-
ing, or pressing as is the case in the transmission
experiment. Therefore, these methods are of con-
siderable value when studying physical properties
that may be altered by the preparative procedures
or when analyzing sample surfaces. Further, the
spectroscopic analysis of materials known as difficult
samples such as fiber-reinforced plastics, coals,
paints, carbon black-filled polymers, etc., is difficult
to carry out with the traditional transmission
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method and requires the use of more recent tech-
niques such as DRIFT,-® PA-FTIR,!-®° or specular
reflection spectroscopy.!®!2

In this work, two of these techniques, PA-FTIR
and specular reflection FTIR, are used and compared
in their ability to detect structural changes that may
occur at the surface of annealed injection-molded
polyamide 6,6 samples. A brief description of both
techniques is presented.

Specular Reflection-FTIR Spectroscopy

Although specular reflection spectroscopy, some-
times referred to as external reflection spectroscopy,
involves a relatively simple experimental setup, it
has not been widely used as a method for analyzing
polymer surfaces. This is mainly due to the fact that
the recorded spectra usually present distorted bands
that differ from those of the conventional trans-
mission experiment in the position, shape, and in-
tensity. Furthermore, for low refractive index ma-
terials these reflectance spectra are weak. However,
in some specific cases, such as characterization of
carbon-filled polymers,'** polymer surfaces,!5’
painted polymer molding,'®® and fibers,!® the
method was found to give rapid and valuable infor-
mation.
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The method consists basically of collecting the
IR radiation after reflection at the air-sample in-
terface, with incident angles typically of about 45°,
and analyzing the component reflected from the
front surface. However, the main problem with this
method is that other types of reflections occur (see
Fig. 1), which tend to distort the spectrum and
complicate the interpretation.

The other component that is most often encoun-
tered during the specular reflection experiment is
the diffuse reflection. This diffuse radiation comes
from discontinuities in the refractive index of the
polymer that might be due to voids, crystallites, ad-
ditives, or other inhomogeneities. This produces
light scattering and as this scattered light passes
through the material it is absorbed and eventually
may leave the front surface of the material where it
will be detected by the instrument.

Thus, the collection of the specular reflection
component alone will essentially depend on the na-
ture of the sample to analyze. The ideal sample for
the specular reflection measurement is a material
that is homogeneous, optically flat, and infinitely
thick.

The vibrational bands of an FTIR specular re-
flection spectrum have a distorted shape mainly due
to the fact that the reflection intensity is greatly
affected by the dispersion in refractive index about
the resonance frequency.!® This unconventional
shape may be corrected to a more usual FTIR band-
shape by applying a mathematical transformation
{Kramers-Kronig transformation).®

Photoacoustic-FTIR Spectroscopy

In the last years PA spectroscopy has been increas-
ingly used mainly because of its ease of use and abil-
ity to characterize difficult (often optically opaque)
industrial samples?*-# such as composites,?* liquid
crystalline polymers,? or polymer fibers.?* Basically,
in the PA-FTIR experiment, the incident radiation
modulated in the audiofrequency range by the
Michelson interferometer impinges onto the sample
that is sealed in a small volume containing an IR
transparent gas. Some of the IR radiation is ab-
sorbed at the vibrational frequencies characteristic
of the material to be analyzed. This absorbed energy
is transformed into heat in the form of modulated
thermal waves that produce pressure variations in
the gas. These modulated pressure variations are
finally detected by a sensitive microphone and then
Fourier transformed in order to obtain the typical
IR absorption spectrum.

One of the capacities of the PA technique is its
ability to get a depth profile of the sample surface

by varying the modulation frequency of the IR ra-
diation, which has been applied in the analysis of
multilayer polymer systems.? 2% Also, as the specular
reflection spectroscopy, the technique offers the ad-
vantage of being relatively simple, nondestructive,
and no sample preparation is required.

However, the principal drawback of such a tech-
nique is its low inherent sensitivity so that relatively
high scanning times are needed. Another limitation
is the PA saturation that can sometimes be observed
in some specific regions of the spectrum when sam-
ples of high optical absorption coefficient are ana-
lyzed.

EXPERIMENTAL

Materials

The sample used in this work was furnished by the
SNPE (France) as a 3-mm thick plate obtained by
injection molding of commercial polyamide 6,6
(tradename PA 6,6 Technyl A218); formic acid vis-
cosity ~ 140; M, ~ 33000 and M,, =~ 16500. The
polymer resin was injected in the mold at a tem-
perature of 269°C with a pressure of 100 bars. The
temperature of the mold was fixed at 70°C and the
injected sample was maintained in it for 5 s at a
pressure of 95 bars.

A DSC measurement made on the as-received
polyamide 6,6 sample using a Mettler TA 4000
(DSC/30) instrument gives a value for the heat of
fusion of 76.2 J g* that corresponds to a crystallinity
of about 40% using a heat of fusion of 188 J g™! as
determined by Starkweather et al.?” for molding pel-
lets.

For the specular reflection and PA-FTIR mea-
surements the specimens were analyzed as received
without any sample preparation. The quality of the
surface of the plates was examined with an optical
microscope and it was found that the surface was
quite flat; therefore, relatively good specular reflec-
tion spectra could be obtained from these samples.

The thermal treatment was produced by anneal-
ing at different temperatures (i.e., 90, 120, 150, 180,
210, 220, and 230°C) the samples for 1 h in an oven
and then cooled at room temperature in the open
laboratory.

FTIR Measurements

All the IR spectra presented in this study were run
with a Mattson FTIR instrument (model Cygnus
100) equipped with a liquid nitrogen cooled MCT
detector.
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Figure 1 Schematic diagram illustrating the different types of reflection that can take

place during the reflectance experiment.

In the case of the specular reflection experiment,
the plate samples (3 X 3 ¢cm) were simply posed on
the sampling stage. The incident radiation arrives
onto the sample with an angle of 45° to the normal
of the sample plane and the reflected beam was col-
lected by a mirror that focuses the reflected radiation
onto the detector. The approximate penetration
depth of radiation in the sample is about a few
hundred nanometers. The corresponding spectrum
was recorded and ratioed against a reflection back-
ground taken from a mirror. The Kramers-Kronig
transformation was not available in our study. As a
result the spectra were left uncorrected. Because the
purpose of this work is to follow the evolution of
identical IR bands of polyamide 6,6 as a function of
the annealing temperature, the correction of the re-
flectance spectra was not considered necessary.

The PA-FTIR signal from samples loaded in a
10-mm diameter cup was recorded with a MTEC
200 PA cell. The best signal-to-noise ratio was ob-
served for a mirror speed of 0.12 cm s™!. The PA
reference spectrum was obtained using powdered
black carbon that acts as a photoacoustically satu-
rated material. The PA signal provides information
from a sample thickness that depends on thermal
material properties, the mirror speed, and the spe-
cific spectral region. As the spectral ranges that will
be considered below appear at about 700, 1000, 1200,
and 1300 cm™! and with a mirror speed of 0.12 cm
s}, the structural information provided by the PA
signal ranges from 10 to 14 um.

Transmission FTIR spectra were also recorded
by microtoming thin films of different thicknesses
varying between 4 and 20 um from the thermal
treated plate samples.

All the spectra presented and analyzed here were
recorded at room temperature. In the case of the
specular reflection and transmission experiments,
the spectra were recorded at 4 cm™! resolution with

accumulation of 150 scans, whereas for the PA-FTIR
spectra, the resolution was fixed to 8 cm™ and av-
eraged over 312 scans principally due to the rela-
tively low signal-to-noise ratio.

RESULTS AND DISCUSSION

Figure 2(a,b) show the IR spectra of the untreated
polyamide 6,6 sample recorded by specular reflection
and PA-FTIR spectroscopies, respectively.

A conventional transmission spectrum of the bulk
is also added in Figure 2(c) in order to compare it
to the two previous spectra. Due to the strong polar
groups present in polyamide 6,6, such a compound
is found to absorb the IR radiation strongly. There-
fore, in order to obtain a transmission spectrum with
a correct level of absorption, it was necessary to mi-
crotome very thin films. For example, the spectrum
represented in Figure 2(c) was obtained on a poly-
amide 6,6 film of 4-um thickness. Such thin films
with good optical quality of the surface were difficult
to prepare from the molded plate and their corre-
sponding spectra still present a high degree of ab-
sorption. It should be also kept in mind that the
microtoming procedure may also induce slight crys-
tallization or orientation in the sample under ex-
amination.

Comparing these three spectra, it can be observed
that the PA-FTIR spectrum is quite similar to that
recorded by transmission whereas the IR bands of
the specular spectrum appear to be distorted. In good
agreement with the literature, ?% the frequency po-
sition of the bands in the specular reflection spec-
trum appears shifted to the higher frequencies,
varying from 1 to 2 cm™! up to 30 cm™! depending
on the mode considered, when compared to the fre-
quency of the bands present in the transmission
spectrum of polyamide 6,6.
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Figure 2 FTIR spectrum of an untreated injection-molded polyamide 6,6 sample recorded
with the (a) specular reflection, (b) photoacoustic, and (c) conventional transmission

methods.
In Figures 3-5 discussed at continuation, four 230°C, as well as the nontreated sample) that clearly
spectra were chosen and plotted, corresponding to show the evolution of spectral features that take

the annealing temperatures (i.e., 120, 180, and place with the thermal treatment.



The two bands at 936 and 1146 cm™! have long
been used for studying the crystalline variation in
polyamide 6,6.2° The former has been assigned to
the C— CO stretching mode in the crystalline phase
whereas the latter corresponds to a CO twisting vi-
bration characteristic of the amorphous region.®
These two bands were observed in the specular re-
flection spectrum at 943 and 1151 cm ™!, whereas in
the PA-FTIR spectrum these two bands appear at
about 936 and 1146 cm™!. Although the shape of
these two bands is found to be quite distorted in the
reflectance spectra, therefore complicating their
analysis, a change in the intensity of these two bands
can be observed to take place between 120 to 180°C
[see Fig. 4(a)]. Increasing the annealing tempera-
ture up to 230°C produces a much greater variation
(the intensity of the 943 cm™ increases whereas that
of the one at 1151 em™ is found to decrease). Sim-
ilarly, the PA-FTIR spectra presented in Figure 4(b)
show a clear increase in intensity of the band at 936
cm™! and a decrease of that at 1146 cm™ when the
annealing temperature is over 180°C. Therefore,
these results indicate that a significant structural
reorganization occurs when the annealing temper-
ature gets over 180°C. Such restructuration is prob-
ably due to an increase in the degree of more regular
polymer chains in polyamide 6,6.

(q)
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Figure 3 (a) Specular-FTIR spectra in the amide V
region of (a) untreated sample and samples annealed at
(b) 120, (c) 180, and (d) 230°C, respectively.

POLYAMIDE 6,6 ANALYSIS 467

(a)
(c)
(b)
(a)

f I I I 1
750 725 700 675 650

wavenumber ( cm-l }

Figure 3 (b) PA-FTIR spectra in the amide V region
of (a) untreated sample and samples annealed at (b) 120,
(c) 180, and (d) 230°C, respectively.

Another interesting feature of our results is the
clear increase in intensity of the IR band about 700
cm?, which appears as a shoulder in the reflection
spectrum, when compared to the band at 738 cm™!
for annealing temperature greater than approxi-
mately 180°C [see Fig. 3(a)]. These two bands are
present at 693 and 727 cm ™! in both the conventional
transmission and PA-FTIR spectra of polyamide 6,6.
The PA-FTIR spectra as shown in Figure 3(b) cor-
roborate the specular results. It can be effectively
observed that the intensity of the low wavenumber
band, that is, at 693 cm™!, increases significantly as
the annealing temperature is raised over 180°C. This
band known as the amide V was assigned to the NH
out-of-plane deformation vibration®3® in polyam-
ides and was also attributed* to the crystalline part
of polyamide 6,6 (the amide band of the amorphous
region appears apparently below 680 cm™). Ac-
cording to this assignment, our results would suggest
that above the annealing temperature of approxi-
mately 180°C, there is enough molecular motion to
permit some segments along the polymer chain to
be reorganized in a more regular manner, which is
in agreement with the previous result obtained from
the analysis of the bands at 936 and 1146 cm ™.

Two other bands, at 1224 and 1329 e¢m™!, of low
intensity have been reported®-" to increase with
the annealing treatment. These two bands were
assigned ®-*7 to chain-folded conformations in poly-
amide 6,6 and were found to give valuable infor-
mation on the regularity of the folds. In the present
study, similar features have been detected in both
the specular and PA-FTIR spectra of the annealed
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samples. For example, the specular reflection spectra
shown in Figure 5(a) indicate that a new shoulder
appears at about 1227 cm ™! for the sample annealed
at 180°C and increases in intensity as the annealing
temperature varies from 180 up to 230°C. No clear
changes could be observed in the specular-FTIR
spectra near the frequency of the second fold band,
that is, about 1329 cm™!. This result may be due to
the wide spectral feature between 1280 and 1340
cm ! in the specular spectrum that would mask the
weak shoulder near 1329 cm™. In the case of the
PA-FTIR spectra, a shoulder near 1335 cm™! can be
detected when the annealing temperature reaches
approximately 180°C and increases further in in-
tensity as the annealing temperature is raised to
230°C [see Fig. 5(b)]. The other fold band near
1224 cm™! in the PA-FTIR could not be as clearly

identified as the one at 1335 cm™!. Thus, the tem-
perature range where an increase in the bands as-
signed to the folded chain conformations is observed
in both specular and PA-FTIR spectra is consistent
with the temperature where previous structural
changes were detected. This result shows that the
temperature around 180°C corresponds to the onset
of large enough molecular motions in polyamide 6,6
that permit a better packing of the polymer chains.
Further, the structural reorganization observed here
appears to affect the interphase between crystalline
and amorphous regions with a probable increase in
the regularity of the folds as the annealing temper-
ature is increased above 180°C.

Other spectral features were also observed to
change with the annealing temperature in both the
specular and PA-FTIR spectra of polyamide 6,6 such
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Figure 4 (a) Specular-FTIR spectra between 875-1180 cm™ of (a) untreated sample,
and samples annealed at (b) 120, (¢) 180, and (d) 230°C, respectively.



as variation in intensity and band shape. For ex-
ample, the bandwidth of those at 739, 1374, 1467,
and 1478 cm™!, appears to decrease when the an-
nealing temperature increases above approximately
180°C. This may reflect the gain of coupling in the
crystalline phase as a result of the annealing process.
Further, both reflectance and PA-FTIR spectra
do not reveal the presence of an absorption band
above 3400 cm™!' characteristic of the N—H
stretching mode of nonbonded amide groups. This
result is thus in good agreement with previous
works®*? that consider that at room temperature
essentially all amide groups are hydrogen bonded.

CONCLUSIONS

Both the specular reflection and PA-FTIR analysis
of thermal treated polyamide 6,6 molded plate were
able to detect structural variations that are in agree-
ment with previous studies of annealed polyamide
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6,6 samples carried out by conventional transmission
FTIR spectroscopy. From this study, it was observed
that structural variations appear to take place at
about the same temperature range (around 180°C)
indicating that above this value there is enough
thermal energy to permit a better packing of the
polymer segments.

It must also be precised that the information ob-
tained here is characteristic of the surface of the
sample and the great advantage of using the specular
reflectance and the PA-FTIR techniques is that no
sample preparation was required.

The distortion of the IR bands in the reflectance
spectra makes this method less attractive than its
PA-FTIR counterpart. In the case of our study,
where no mathematical transformation was used to
correct the distorted bands, the specular reflectance
method was found to be useful only for qualitative
determination. However, it can be noted that the
recent developments made in FTIR reflection spec-
troscopy as well as the application of exact theory"*3

1200 1150 1100 1050

I I I
1000 950 900

wavenumber (cm—l)

Figure 4 (b) PA-FTIR spectra between 855-1200 cm™* of (a) untreated sample and
samples annealed at (b) 120, (c¢) 180, and (d) 230°C, respectively.



470 JAWHARI, QUINTANILLA, AND PASTOR

(a)

(b)
(c)

(d)

1500 1400

i 1
1300 1200

wavenumber (cm™1)

Figure 5 (a) Specular-FTIR spectra between 1200-1500 cm™ of (a) untreated sample
and samples annealed at (b) 120, (c) 180, and (d) 230°C, respectively.

allow the minimization of these spectral distortions
and the use of external reflection spectroscopy as a
method for quantitative analysis. Its main advan-
tage, when compared to the PA-FTIR method, is its

higher signal-to-noise ratio. Longer accumulation
time is thus needed when recording PA-FTIR spec-
tra and practical resolution obtained with the PA-
FTIR method is often limited to 8 cm™ whereas

d
c
b
f I I I [ L
1500 1450 1400 1350 1300 1250

wavenumber (cm—1)

Figure 5 (b) PA-FTIR spectra between 1250-1500 cm™ of (a) untreated sample and
samples annealed at (b) 120, (c) 180, and (d) 230°C, respectively.



specular spectra can be obtained with a resolution
of 2 or 4 cm™'. However, the significant advantage
in using the PA-FTIR method is that its spectral
information is very easy to interpret (similar to
conventional transmission spectra). Further, as
shown recently in a PA-FTIR investigation of the
structural changes that take place in thermally
treated PET,** this technique can be conveniently
used for quantitative analysis.

This work was supported by the CICYT (program
MAT90-0914).
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