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INTRODUCTION 

Polyurethane copolymers generally consist of linear segments of 
polyurethane and polyester (or polyether). At mom temperature, these 
polymers undergo a micro-phase separation, in which the polyurethane 
segments form hard domains while the polyester segments form 
relatively soft domains that act as the crosslinks between the hard cores. 
This morphology provides such copolymers distinctive thermal and 
mechanical properties which have led to an extensive range of 
applications. 

A wide variety of techniques has been utilized to characterize the 
microscopic (molecular) structure of polymeric materials, including 
those of polyurethanes and polyurethane  copolymer^,'^^ since the 
knowledge of the microscopic structure of these polymers is critical to 
the understanding of their macroscopic properties.6 Recently, the 
dynamic infrared opto-rheological method has been developed, which 
involves the combination of dynamic mechanical analysis (DMA) and 
time-resolved infrared (IR) spectroscopy to study the real time IR 
spectral changes in polymer films under sinusoidal (or impulse) tensile 
stress of small amplitude?-'* Phase-locked electronics are used to record 
the dynamic infrared spectral change in-phase and inquadrature with the 
applied mechanical field. The result provides insight on the response to 
the external stress on the molecular and submolecular scale. While for 
relatively narrow spectral ranges this experiment is efficiently carried out 
by use of a dispersive spectrometer, for measurements over broader 
spectral windows, the use. of step-scan Fourier transform infrared (S2FT- 
IR) has proved to be more effective. 

In the study reponed here, dynamic opto-rheology using S 2 n - I R  
spectroscopy has been applied to the polyurethandpolyester copolymer 
Estane 5703. Dynamic in-phase and quadrature spectra in the mid-IR 
region at two orthogonal polarizations have been collected, and dynamic 
dichroic spectra calculated and interpreted. 

EXPERIMENTAL 

The experimental arrangement is presented schematically in 
Figure 1. The step-scan FITR spectrometer is a Bruker IFS66. The 
sinusoidal tensile strain at 24 Hz is applied to the polymer by a Manning 
Applied Technology Polymer Modulator. The linearly polarized infrared 
light is phase modulated at 366 Hz by jittering the fixed mirror of the 
interferometer. The phase modulation acts as a carrier frequency for the 
mechanical field modulation. The detector signal is first demodulated at 
366 Hz, and then the output of this lock-in amplifier (LIA) is split, one 
part being transformed to the reference transmission spectrum and the 
other demodulated at 24 Hz by the second LIA. The output of the 
second LIA is Fourier transformed to produce the in-phase and 
quadrature transmission spectra, which are further normalized and 
converted to produce in-phase and quadrature absorption spectra. Two 
sequential experiments with polarized light parallel and perpendicular to 
the strain axis are performed. The results are subtracted to yield the 
dynamic dichroic difference spectra, which is the parallel minus the 
perpendicular data. 
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Figure 1. Schematic diagram of the frequency-domain dynamic 
rheo-optics experiment. 

Estane 5703, poly (butylene adipate)-4,4'diphenylmethane 
diisocyanate-1.4 butanediol, was obtained from Goodrich. Thin films of 
pure Estane and a blend of 50/50 Estane and nitroplasticizer (50/50 wt% 
bis(2,2-dinitropropyI)forma~bis(2,2-dinitrop~pyl)acetal) were prepared 
by solution casting from methyethyl ketone. Both films were pre-drawn 
about 6 times their original length (along the dynamic stretching axis) 
before the dynamic experiment. 

RESULTS AND DISCUSSIONS 
The static absorption spectrum of pure Estane and its in-phase 

and quadrature dynamic dichroic difference spectra are shown in Figure 
2. The data for the plasticized Estane are show in Figure 3. Only the 
region between 1900 cm-' and 900 cm-' is shown here, although the data 
have been collected up to 4000 cm-'. Previous experience indicates that 
in order to get a dynamic signal with good signal to noise ratio (SNR). 
the bands of interest need to have an absorption value between 1.0 and 
0.5 units. In this experiment, the thickness of the sample is adjusted in 
favor of the C=O stretching and the backbone vibrational bands. Hence, 
the N-H stretching and C-H stretching bands, which are relatively weak 
in this sample, are not shown here. 
Table 1. IR Absorption Band Assignment for Pure Estane 5703 

Table 1 shows the band assignments for pure Estane. The band 
near 1730 cm'' is due to the C=O stretching with contributions from both 
the hard domain and the soft domains. All the bands shown below 1700 
cm-' come from backbone vibrational modes. The C=O stretching shows 
a negative peak in the dynamic dichroic spectra; while the peaks in the 
backbone region are all positive. This clearly indicates that when the 
polymer film is stretched, the polymer chain becomes more aligned with 
the stretching axis. As a result, the backbone vibrational modes, which 
have dipole moments parallel to the main chain, orient towards the 
stretching axis, while the C=O stretching dipole moves away from the 
strain direction. 

Before each experiment, the reference (0 deg., or '%-phase") 
phase of the Polymer Modulator has been determined by means of a 
partial beam block. Then, in order to be able to collect orthogonal 
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sample data of comparable magnitude, the detection phase of the lock-in 
amplifier has been set to 45 deg. relative to this reference. Since the 
dynamic spectra of the polymer at +/- 45 dig. have comparable 
magnitude, it can be seen that the reorientation process in the polymer is 
fast on the time scale of the 24 Hz modulation, and the dynamic dichroic 
change is almost in-phase with the mechanical movement of the 
stretcher. However, careful examination shows clear differences 
between the two channels. The quadrature signal (at 45 deg.) of the C=O 
stretching band is Seen to be clearly split. This is an indication of the 
difference in response of the C=O bonds in the hard domains and those 
in the soft domains. 
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Figure 2. Static absorption and dynamic dichroic difference 
spectra of pure estane. 

Figure 3. Static absorption and dynamic dichroic difference 
spectra of 50150 blend of pure estane and nitroplasticizer 

The phase spectrum, +(v) = arctan[Q(v)/I(v)], of the carbonyl 
region has been plotted in Figure 4. As expected, there are at least two 
phases values for the C=O dynamic reorientation. The complicated 
phase change between 1760 cm-' and 1680 cm-' may be attributed to the 
existence of both the free C=O and the hydrogen-bonded C=O, or 
possibly to the existence of some interfacial region between the hard and 
soft domains. 

The plasticized sample consists of 50% Estane and 50% 
nitroplasticizer. The band at I580 cm-' in the static spectrum of Figure 3 
is due to the N=O stretching mode of the plasticizer. It is significant to 
note that the dynamic dichroic signal of the plasticized sample is only 
one fifth that of the pure Estane. This may be a measure of the softening 
effect of the plasticizer that reduces the degree of the reorientation 
responding to the tensile strain. 

These results indicate the potential of obtaining a large amount of 
dynamic microscopic information on copolymers and other composite 
materials that has previously not been available from either conventional 
DMA or static IR spectroscopy alone. The potential exists that the 
reorientation response of different vibrational transition dipole moments, 
or different functional groups, in either the same or different phases 

Figure 4. Absorption spectrum and phase spectrum of pure estane in 
the carbonyl region. 

within the material can be determined, quantified, and differentiated. 
Also note in Figure 3 and Figure 4 that the bands of the dynamic spectra 
are generally narrower than those in the static spectrum, which illustrates 
the spectral resolution enhancement aspect of the dynamic opto-rheology 
method. 
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