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Fourier transform infrared photoacoustic spectroscopy (FTIR-PAS) was applied to the structural elucida-

tion of several kinds of organic polymers.

By using a photoacoustic detection, infrared spectra of textile fabrics

and rubbers containing carbon black could be measured without destru:!tve and troublesome sample prepara-

tions.

od. FTIR-PAS was found to be sensitive to the structural change of the surface of the cured resins.

Curing process of resol type phenolic resins was examined by FTIR-PAS and conventional KBr disk meth-

Helmholtz

resonance effect of the photoacoustic cell and the effect of the thermal properties of samples in FTIR-PAS were

also discussed.

Photoacoustic spectroscopy (PAS) has been known
to be a useful method for the analysis of bulk or rugged
surface materials.) Most of the studies on PAS, how-
ever, are limited to the uv-visible spectral region, for
which powerful excitation sources are readily available.
On the other hand, high power sources tunable over
a wide spectral range do not presently exist in the
infrared spectral region. In recent years, there has
been a growing interest in PAS using Fourier trans-
form infrared spectroscopy (FTIR),2-1) since a FTIR
spectrometer has a greater throughput of radiation
than the conventional dispersive infrared spectrom-
eter.'? However, few discussions on the characteristics
of the Fourier transform infrared photoacoustic spec-
troscopy (FTIR-PAS) have been made. In this study,
some discussions on the factors which affect the FTIR-
PAS spectra are made, and some application of FTIR-
PAS to the structural elucidation of organic polymers
is presented.

Experimental

The PAS system was composed of a home-made PAS
attachment and a Digilab FTS-15 FTIR spectrometer.

Figure 1 shows a schematic drawing of the PAS cell employ-
ed in this study. The PAS cell was made of brass and its
internal volume was approximately 0.95 cm?. A KBr plate
(3 mm thick) was used as a cell window and a 1/2 inch Bruel
Kjaer 4165 condenser microphone was used as a pressure
transducer. These were mounted on the PAS cell body by
O-rings to ensure an air tight seal. Although KBr is one of
the most transparent materials in the infrared region, it
is susceptible to humidity. It should be noted that both
highly transparent and wet-proof windows can not be avail-
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Fig. 1. Schematic drawing of photoacoustic cell,

able in the infrared region, and that the Helmholtz resonance
effect affects the FTIR-PAS spectra as will be mentioned
later. Therefore, the cell was designed so that the windows
could be replaced easily and also that the volume in front
of the microphone diaphragm could be adjusted easily in
order to obtain optimum efficiency.

The photoacoustic signals from the microphone attached
to the PAS cell were amplified with a Brookdeal 9454 a.c.
amplifier and were fed to the HgCdTe detector amplifier
section of the FTIR spectrometer. All of the spectra were
measured at 4 cm~? resolution using 900 scans which took
about 25 min.

Results and Discussion

Characteristics of FTIR-PAS. Figure 2 shows the
photoacoustic spectrum of carbon black (benzene soot)
and the source spectrum measured by a triglycine
sulfate (TGS) detector. The carbon black PAS spec-
trum and the source spectrum measured by a pyro-
clectric detector such as TGS are known to be vir-
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Fig. 2. Photoacoustic spectrum of carbon black (up-

per) and source spectrum measured by TGS detector
(lower).
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tually identical with each other in the dispersive PAS
system with a fixed frequency light modulation.13:14)
As shown in Fig. 2, the above identity is not observed
in the case of FTIR-PAS. This result can be con-
sidered to be attributed to the difference of the light
modulation methods between the interferometry and
the dispersive spectrometry. In the case of rapid scan-
ning FTIR, the frequency of the radiation being
emitted from the source, ¥[cm™1], corresponds to the
modulation frequency, w[s™1], through the relationship,
©0=2Vv, where V represents the velocity of the moving
mirror in a Michelson interferometer.'? Considering
that the carbon black PAS signals are inversely pro-
portional to the modulation frequencies,!® carbon black
PAS signals for FTIR-PAS must be larger in the
lower wave number region. However, this expected
tendency was not observed as shown in Fig. 2. Ac-
cordingly, another additional effect must be taken into
consideration for the analysis of FTIR-PAS spectra.
Since another type of PAS cell® showed a different
spectral pattern of carbon black compared with the
results shown in Fig. 2, the possibility of the influence
of the Helmholtz resonance effect was examined by
changing the volume in front of the microphone dia-
phragm.

The Helmholtz resonance frequency, w, is given
by®)

wo = (26/2m)[{(1/V1) + (1/V2) } o [{L+ (1/2)(ma) /2}]/3,

where v, is the speed of sound, and V; and V, are
the volume of the sample cavity and the volume in
front of the microphone diaphragm, respectively. ¢ is
the cross-sectional area of the tube of length L con-
necting the volume V; and V,. Figure 3 shows the
photoacoustic spectral changes due to the Helmholtz
resonance effect when V, is changed from 90 to 750
mm?3. These curves were obtained by dividing the
carbon black PAS spectra by the source spectrum
presented in Fig. 2. As shown in Fig. 3, the peak
which represents resonance frequency moves to lower
wave numbers, as the volume V, becomes larger.
The observed resonance frequencies were plotted against
the [(1/V)) +(1/V,)]Y/? values, and a good linear cor-
relation was obtained as shown in Fig. 4. From the
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Fig. 3. Resonance effect obtained by changing the
volume in front of the microphone diaphragm.
The volumes, V,, are 90(A), 150(B), 290(C), 420(D),
and 750(E) in mm?® units.
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Fig. 4. Helmbholtz resonance effect of the photoacoustic
cell.

above-mentioned fact, the PAS signals in FTIR are
considered to be influenced greatly by the Helmholtz
resonance effect. Strictly speaking, the effect of the
volume of sample must be taken into consideration
for the normalization of FTIR-PAS spectra. How-
ever, the effect can be neglected if V; is sufficiently
greater than V,.

Although the above effect can be compensated when
the normalization of the sample PAS spectra is carried
out by using a carbon black PAS spectrum measured
by the same PAS cell as a reference, the effect must
be taken into account if the measurement of FTIR-
PAS is carried out by the use of double beam measure-
ment system which requires two PAS cells. Of cource,
if a completely non-resonant type of PAS cell is used,
the above-mentioned effect can be neglected. How-
ever, it is considered to be better to use a resonant
type of PAS cell in order to improve the S/N ratio
of PAS spectra, since the usual light source in the
infrared spectral region is not powerful.

FTIR-PAS spectra of several kinds of polymers such
as cloths, rubbers, cured resins efc. were measured.
Although the features of these spectra were fairly sim-
ilar to those of published spectra measured by a KBr
method or an ATR method etc., photoacoustic signals
were found to be larger in the lower wave number
regions. This result can be attributed to the thermal
properties of the samples, since the thermal diffusion
length in the sample depends on the modulation fre-
quency.’® The samples investigated in this study are
considered to be optically opaque and thermally thick
solids, for which photoacoustic signals show w32 de-
pendence, where o is the modulation frequency. In
this case, further normalization must be carried out
by multiplying a factor of w'/2, that is (2V»)¥/2, after
simply dividing the raw PAS spectrum by a carbon
black PAS spectrum, since carbon black PAS signals
are inversely proportional to w. The above mention-
ed normalizing procedures would be necessary if we
wish to compare the PAS spectra with the standard
spectral data such as IRDC cards.

FTIR-PAS Spectra of Polymers. Figure 5 shows
the PAS spectra of nylon cloth and cotton cloth. The
features of these spectra are fairly similar to those
of the published spectra measured by a KBr method
or a thermally pressed film method.'” Using the
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photoacoustic detection, infrared spectra of these textile
fabrics can be obtained by simply putting a small
piece of sample into the PAS cell. Thus, it can be
said that FTIR-PAS could be a simple but still ef-
fective method for the identification of these com-
pounds without troublesome and destructive sample
preparations which are nescessary for conventional
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Fig. 5. Photoacoustic spectra of cotton (upper) and
Nylon (lower) cloths.
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Fig. 6. Photoacoustic spectra of butadiene-acrylonitrile
rubbers containing carbon black.

Carbon black content, A: 09, B: 10%, C: 209%.
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measurement techniques.

In Fig. 6, PAS spectra at the top, the middle and
the bottom show butadiene-acrylonitrile rubbers con-
taining carbon black, 20, 10, and 09, respectively.
Commercial rubbers usually contain carbon black or
silica in order to enhance elasticity. The convention-
al measurement technique used to examine rubbers
is an ATR method, which requires a specially designed
apparatus,!® capable of taking a large incident angle
for obtaining spectra of the sample containing carbon
black because of the high refractive indices of samples.
As shown in Fig. 6, however, structural elucidation
of rubbers can be made in the same manner regardless
of the content of carbon black in the range of 0 to
209%,. It can be seen that the S/N ratio of the PAS
spectra decreases as the content of carbon black in-
creases. This result is possibly due to the fact that
the more carbon black a sample contains, the less
light it receives. From the fact, FTIR-PAS would
be more useful for the structural elucidation of rubbers
which contain silica, since silica absorbs less light than
carbon black does.

Figure 7 shows the s$pectral change by curing a
resol type phenolic resin. These spectra were meas-
ured after heating the sample at 170 °C for 0, 15,
30, 60, and 120 min. The curing process of the resin
was reported to be characterized as follows.!® As
the resin is heated, the intensity of the band due to
C-O-C stretching vibrational mode at about 1050
cm~! decreases, and a new band due to carbonyl
stretching vibrational mode at about 1650 cm~! ap-
pears. The new band is considered to be caused by
the oxidation of the methylene group. The PAS spec-
tral changes are well consistent with the above propos-
ed curing process. In Fig. 8, spectra at the left and
the right halves are the expanded spectra of the above-
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Fig. 7. Photoacoustic spectral change of resol type
phenolic resin.
Heating temperature is 170 °C. Heating periods are
0(A), 15(B), 30(C), 60(D), and 120(E) min.
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Fig. 8. Absorption spectra measured by a KBr method
(left side) and photoacoustic spectra (right side) of
cured resol type phenolic resins.
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Fig. 9. Peak intensity ratio of the 1650 cm~! band
to the 1610 cm~! band us. heating time.

mentioned resins measured by absorption and photo-
acoustic techniques, respectively. The absorption spec-
tra were obtained by a KBr method, in which the
resins used for measuring FTIR-PAS were ground
to fine powders. During the curing of resol type
phenolic resins, the absorption intensity of the band
at about 1610 cm~! which is assigned to aromatic
C=C stretching vibrational mode is said to be un-
changed.!® Therefore, in order to examine the de-
gree of curing of the resin as well as to compare re-
sults which is obtained by the two measuring methods
presented in Fig. 8, the ratio of the intensity of the
carbonyl absorption band at 1650 cm™' to that of
the aromatic absorption band at 1610 cm~* was plot-
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ted against the heating period by using absorption
and photoacoustic spectra. The results are shown in
Fig. 9. Comparing the two curves in Fig. 9, it is
immediately seen that the ratio reaches to a constant
value within 30 min by using the PAS spectral data.
Whereas, as for the absorption spectral data, the ratio
is gradually increases as the heating time increases.
This result reflects that the PAS is sensitive to the
structural change of the surface of cured resin, and
that averaged information about the mixed species
of cured and non-cured resins is obtained by the ab-
sorption method such as a KBr technique. If the
constant value in the ratio shown in Fig. 9 is caused
by the saturation effect of the photoacoustic signal,1®
the depth of the cured layer can be estimated. As-
suming that the thermal diffusivity of the cured resin
is 0.001 (cm?/s), thermal diffusion length of 5.7 microns
is obtained at 1650 cm~! under the measuring con-
ditions in our spectrometer.?) Accordingly, the cured
layer of several microns can be considered to be form-
ed during the heating of 0 to 30 min. Thus, FTIR-
PAS is useful for the surface characterization of cured
resins. In some cases, cured resins are difficult to
examine by conventional measurement techniques be-
cause of their mechanical hardness. For the analysis
of such materials, FTIR-PAS is also effective, since
FTIR-PAS requires minimal sample preparations.
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