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and the aqueous phase can be seen from fluorescence
measurements. However, a quantitative estimate of the
solvent fraction in the polymer phase is difficult. The
kinetics of solvent partitioning in the systems investigated
is fast and is of the magnitude expected from the diffusion
equation.

Registry No. DEGBA, 31353-26-1; DEGEE, 111-90-0; (butyl
methacrylate)(butyl acrylate)(methacrylic acid) (copolymer),
30231-49-3.
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Network formation, such as occurs during the curing of
elastomers or thermosets, is a complex process that often
forcloses the use of many analytical techniques to gain an
understanding of the molecular architectures that develop.
Since the measurements of macroscopic properties do not
provide adequate information, one could propose at least
a few spectroscopic methods to monitor the polymer
network formation. However, the experimental difficulties
or sensitivity may impose various limitations. In this
contest, Fourier transform infrared (FT-IR) spectroscopy
is no exception. Although we have a considerable interest
in the development of this technique since it is a probe on
a molecular level, the experimental difficulties in using it
to evaluate the events during polymer network formation
may cause some problems. While useful theoretical ap-
proaches (Gordon,! Mark,? Macosko,? and Eichinger?) have
been developed, it is apparent that very little experimental
work utilizing FT-IR was reported. Actually, this is not
surprising if one analyzes the spectral changes that occur
during the cross-linking process of hydroxyl-terminated
poly(dimethylsiloxane) (PDMS, MW = 18000, Petrarch)
with tetraethoxysilane (TES, Petrarch; catalyst, tin oc-
toate). As seen in Figure 1, neither the intensity changes
nor the appearance or disappearance of bands during
various stages of curing is being observed. At this point
it is necessary to raise the question as to why the cross-
linking process cannot be detected by transmission mea-
surements while the technique provides an adequate sen-
sitivity to detect, for example, a compatibility of polymer
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Figure 1. Transmission FT-IR spectra of PDMS/TES recorded
at various stages of curing.
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Figure 2. Photoacoustic FT-IR spectra of PDMS/TES recorded
at various stages of curing.

blends.>® One of the essential problems in cross-linking
reactions is a small number of cross-links compared to the
number of other bonds in the system. In addition, during
the cross-linking of this particular system, the Si-OH
bonds of PDMS and H;C,-0-8i of TES break to form the
Si-0-Si network and ethanol. Thus, the simultaneous
cleavage and formation of energetically similar bonds result
in a heavy spectral overlap of strongly absorbing bands.
Although one could monitor the disappearance of hydroxyl
bands, their content is molecular weight dependent and,
even with the relatively low molecular weights, their de-
tection becomes impossible. Hence, in spite of the high
sensitivity and speed of transmission FT-IR, this technique
has an Achilles heel.

Let us examine the same cross-linking reaction by
photoacoustic FT-IR spectroscopy. While the transmission
FT-IR measurements do not provide sufficient sensitivity,
the situation changes drastically when the same process
is monitored photoacoustically. Figure 2 illustrates the
spectral region from 1210 to 625 ecm™ recorded as a
function of time. It is clearly seen that the band at 1067
cm™, as well as other bands in the spectra, diminishes in
intensity with time. On the other hand, the bands at 662
and 700 ¢m™ remain virtually unchanged as the reaction
progresses. In order to provide a semiquantitative picture
of the curing process, it is appropriate to compare the
photoacoustic and transmission intensity changes plotted
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Figure 3. Intensity ratio of the 2962- and 700-cm™ bands plotted
as a function of time: (A) photoacoustic FT-IR detection; (B)
transmission FT-IR.

as a function of time. This shown in Figure 3. It is noted
immediately that at any time of the reaction, the infrared
intensities recorded in the transmission mode remain un-
changed. On the other hand, the photoacoustic detection
shows drastic changes, in particular at the early stages of
curing.

At this point it is necessary to reveal the origin of the
spectral changes in photoacoustic detection and correlate
this information with the processes that occur during
network formation. In an effort to do so we have taken
two approaches. First, since ethanol is produced during
the reaction, the decreasing intensities may be related to
the escape of ethanol from the system. Second, as the
cross-linked network is being formed, the thermal prop-
erties of the system (heat capacity, thermal conductivity)
may also change. However, the latter would be reflected
in the intensity changes of all photoacoustically detected
bands because the photoacoustic spectrum is not only a
spectroscopic method but also a calorimetric method to
measure the amount of electromagnetic radiation con-
verted to heat.”® Because only selected infrared bands are
effected by the cross-linking reactions, it seems that the
property changes may play some role but they are not fully
responsible for the observed intensity changes. As a matter
of fact, examination of the intensity changes depicted in
Figure 2 indicates that the bands that decrease during the
reaction correspond to the ethanol bands. Thus, it is be-
lieved that the observed changes are attributed to the
removal of ethanol from the reaction mixture. Similar
features were found in the OH and CH stretching regions
of the spectra and are also attributed to the ethanol bands.
Although we hoped that the changes of thermal conduc-
tivity or heat capacity during curing of PDMS will effect
the intensity of the photoacoustic signal, at this point there
is no experimental evidence as such. It should be men-
tioned that the material property changes upon curing
would influence the thermal diffusion length® and, there-
fore, the intensity of entire photoacoustic spectrum, not
only selected bands. This is governed by the following
equation:

e = (20 /w)V/?

where uy, is the thermal diffusion length, « is the thermal
diffusivity (o« = k/pC; k, thermal conductivity; p, density;
C, heat capacity), and « is the modulation frequency. A
vinyl-terminated PDMS will be a suitable system to test
the above hypothesis since no byproducts are released
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Figure 4. log intensity ratio (from Figure 3) plotted as a function
of log viscosity during the curing process of the PDMS/TES
system: (A) photoacoustic FT-IR detection; (B) transmission
FT-IR.

during its cross-linking (future work).

While a detailed analysis of the spectral changes pres-
ented above will be the subject of our future work, here
we only point out the usefulness of these measurements
by correlating the intensity changes with the viscosity data,
also recorded as a function of time. A log-log plot, shown
in Figure 4A, indicates that indeed a linear correlation
exists, suggesting that the production of ethanol during
the cross-linking process is proportional to the extent of
cross-linking. For comparison purposes the same plot was
constructed based on the transmission measurements
(Figure 4B). Apparently, the viscosity increase has no
effect on the infrared band intensities recorded in this
mode.

In summary, the commonly employed technique for the
surface studies,® ! photoacoustic FT-IR spectroscopy, may
be a useful tool in monitoring the network formation of
the systems in which transmission FT-IR cannot provide
sufficient sensitivity. These preliminary studies show that
it is possible to monitor spectroscopically the end-linking
reactions of elastomers and correlate the photoacoustically
detected intensity changes with the viscosity measure-
ments. To our knowledge, the presented data demonstrate
the first spectroscopic evidence for monitoring such re-
actions by FT-IR.
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