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Infrared rheo-optics combines dynamic mechanical analysis with
infrared spectroscopy to provide molecular level information about
the segmental reorientation and the changes in local environment
associated with the dynamic deformation of polymers. Up to now,
the application of this technique has been limited by the amount of
time necessary to perform the experiments. In this article, we dem-
onstrate that the use of a planar array infrared (PA-IR) spectro-
graph can accelerate the acquisition time by as much as two orders
of magnitude while maintaining a signal-to-noise ratio (SNR) simi-
lar to that obtained using step-scan Fourier transform infrared (FT-
IR) spectrometry, and by more than three orders of magnitude at
the expense of a reduced SNR. The advantages and drawbacks of
this new technique are discussed.

Index Headings: Polymer deformation; Infrared rheo-optics; Planar
array infrared spectrograph; Time-resolved spectroscopy.

INTRODUCTION

Dynamic mechanical analysis (DMA) is a widely used
technique to characterize the viscoelastic properties of
polymers.1 In a typical DMA experiment, a sample is
subjected to a reversible cyclic deformation and its dy-
namic stress response is measured both in phase and 908
out of phase with respect to the applied strain. These two
stress components are related to the elastic (storage mod-
ulus) and the viscous (loss modulus) properties of the
polymer, respectively. By performing a temperature or
frequency sweep, it is possible to obtain a mechanical
spectrum that contains distinctive features associated with
the viscoelastic transitions, such as the glass transition
temperature (Tg) or the brittle-to-ductile transition. The
main limitation of DMA is that it only provides a mac-
roscopic response, stress, which cannot be directly related
to the molecular origin of the observed phenomena.2,3

This becomes particularly significant for the study of
multicomponent and/or multiphase systems such as poly-
mer blends, copolymers, and semi-crystalline homopol-
ymers.

To overcome this limitation, DMA has been coupled
with various spectroscopic probes in what are usually
known as ‘‘rheo-optical’’ techniques. Among those
probes, infrared spectroscopy is a tool of choice because
it can simultaneously provide molecular information
about the conformation and orientation of the different
components of the system.2 Infrared rheo-optics have
been applied to study a wide range of samples, including
homopolymers,3–17 polymer blends,3,18,19 copolymers,20–27
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and biopolymers.15,28 Marcott and coworkers first devel-
oped infrared rheo-optics using a dispersive infrared
spectrometer3,8,16,17,19,29 but, because of their multiplex ad-
vantage and high signal-to-noise ratio performance, Fou-
rier transform infrared spectrometers (FT-IR) in the step-
scan13–16,18 or the asynchronous sampling modes7,23,24 have
now become standard instrumentation for infrared stud-
ies.

While the early experiments required hours of acqui-
sition to probe a narrow spectral range, the development
of modern instruments and of new demodulation schemes
has significantly reduced the experimental timescale for
obtaining a full spectrum. Step-scan FT-IR measurements
typically require about 30 min for the acquisition of a
single scan, while single scan measurements in only 5
min have been reported using the asynchronous sampling
mode.23,24 In these examples, however, three scans had to
be averaged to improve the signal-to-noise ratio. Despite
these improvements, the repetitive deformation of sam-
ples, even for a few minutes, still imposes limitations on
the widespread use of infrared rheo-optics (vide infra)
and new developments further reducing the acquisition
time could further extend its reach.

In this paper, we report the first rheo-optical applica-
tion of a newly designed planar array infrared spectro-
graph (PA-IR), which couples a Czerny–Turner diffrac-
tion element with an infrared focal plane array (FPA)
detector.30 Isotactic polypropylene (iPP) is used as a mod-
el sample because its dynamic deformation has been
widely studied before.12–15,17,25 We show that the PA-IR
spectrograph has the potential of creating a breakthrough
in this field by reducing the experimental measurement
time by as much as three orders of magnitude as com-
pared to FT-IR based techniques.

EXPERIMENTAL

The design of a PA-IR spectrograph that allows ac-
quisition of infrared spectra in the fingerprint region of
the mid-infrared has been recently described.30 The infra-
red beam from an air-cooled globar source (Surfaceig-
niter Corporation, Chagrin Falls, OH) was focused on the
polymer sample through a 200 mm entrance slit (Model
1451X, SPEX, Edison, NJ), diffracted by a 50 grooves/
mm grating (Thermo RGL, Rochester, NY), and was fi-
nally focused on a liquid-nitrogen-cooled 256 3 256 mer-
cury cadmium telluride (MCT) focal plane array (FPA)
(EGL2333, Santa Barbara Focalplane, Goleta, CA)
equipped with a Ninox multi-element lens (Janos Tech-
nology, Townshend, VT). A long-pass optical filter with
a 5 mm cut-off was used to reject the second and higher
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FIG. 1. Dynamic in-phase and quadrature spectra of the isotactic poly-
propylene sample recorded in 20 s with the PA-IR spectrograph (14.36
Hz) and dynamic in-phase spectrum (10 Hz) measured in 34 min using
a step-scan FT-IR spectrometer. The FT-IR spectrum has been inverted
for clarity. All spectra were acquired with a polarizer oriented parallel
to the stretching direction. The static PA-IR spectrum of the bulk sample
is shown for reference.

diffraction orders from the grating. For the p-polarized
experiments, a KRS-5 wire-grid polarizer with its trans-
mitting axis parallel to the stretching direction was intro-
duced before the slit. All the PA-IR experiments were
recorded under ambient conditions (without purge) as a
series of 600 single-frame images at a frame rate of
114.89 Hz.

The sample used in this work was an ;18 mm thick
iPP film prestretched to a draw ratio of ;4 and roughened
with a fine polishing paper in order to eliminate the in-
terference fringes. Sinusoidal deformation was applied to
the sample at room temperature using a PM-100 Polymer
Modulatory microrheometer from Manning Applied
Technology (Troy, ID) driven by a Wavetek function gen-
erator (Model 171, San Diego, CA). Deformation ampli-
tudes between 0.021 and 0.14% were used, well within
the linear range for iPP.17 Deformation frequencies of ap-
proximately 14.36 and 7.18 Hz were used because they
were exact fractions of the frame rate of the FPA and
thus allowed recording exactly 8 and 16 spectra, respec-
tively, during the course of each deformation cycle.

By precisely controlling the FPA triggering, it was pos-
sible to acquire spectra at specific phases in the defor-
mation cycle, including at the minimum and maximum,
as well as the rising and falling inflection points of the
strain vs. time curve. The strain output of the micro-
rheometer was fed into a lock-in amplifier (Stanford Re-
search Systems Model 850, Sunnyvale, CA) to generate
a transistor–transistor logic (TTL) signal synchronized
with the deformation. This TTL signal was used to trigger
a 0.08795 Hz square wave on a DS345 arbitrary wave-
form generator (Stanford Research Systems, Sunnyvale,
CA), which, in turn, triggered the camera head sync of
the FPA to initiate the 600-frame acquisition. This pro-
cedure permitted nearly perfect reproducibility of the
measurements.

The raw spectral images were obtained using WinIR
3.6.0.5 (Santa Barbara Focalplane, Goleta, CA) and were
processed using custom programs in MatLab 5.3
(MathWorks, Natick, MA). The in-phase (A9) and quad-
rature (A0) spectra were calculated as:

I 2 Is dbkA9 5 2log101 2I 2 Iu dbk

I 2 Ifi dbkA0 5 2log (1)101 2I 2 Iri dbk

where Is, Iu, Ifi, and Iri are the single beam spectra re-
corded at the maximum and minimum strain and at the
falling and rising inflection points, respectively, and Idbk

is the spectrum recorded when the slit was closed. Pixel
binning and pixel-to-wavenumber conversion were per-
formed as described elsewhere.30

The step-scan measurements were performed using a
Bio-Rad FTS 6000 spectrometer equipped with a liquid-
nitrogen-cooled MCT detector. A single scan of 1021
points (undersampling ratio of 4) was collected at 8 cm21

resolution with a step frequency of 0.5 Hz, for a total
acquisition time of 34 min. The DSP2 mode was used to
demodulate the experimental signal into the static and
dynamic in-phase and quadrature spectra. The polymer
stretching frequency and strain were 10 Hz and 0.14%,

respectively. A KRS-5 wire-grid polarizer with its trans-
mitting axis parallel to the stretching direction was used.

RESULTS AND DISCUSSION

Figure 1 shows the static spectrum and the dynamic
in-phase and quadrature spectra of the iPP sample re-
corded using the PA-IR spectrograph, along with the in-
phase spectrum (inverted for clarity) of the same sample
obtained using the step-scan FT-IR spectrometer, as de-
scribed in the Experimental section. All spectra were ac-
quired with a polarizer oriented parallel to the stretching
direction. The in-phase dynamic spectrum measured us-
ing the PA-IR spectrograph is in good agreement with
that obtained with the FT-IR spectrometer and with pre-
viously published spectra.12–15 The signal-to-noise ratio
also appears similar for both techniques, although the ac-
quisition time was only 20 s for the PA-IR experiment
as compared to 34 min for the step-scan FT-IR measure-
ment. It will be shown below that the measurement time
for the PA-IR experiment can be significantly reduced
while preserving good signal-to-noise ratios. In compar-
ing the spectra of Fig. 1, it should be emphasized that
series of PA-IR experiments performed under the same
conditions have given identical data within the noise lim-
it, while consecutive step-scan FT-IR experiments pro-
vided much less repeatable results.

As expected, the quadrature spectrum in Fig. 1 is much
weaker than the in-phase spectrum because the experi-
ments were performed at room temperature, well above
the glass transition temperature (Tg) of iPP. It is well
known that a large signal in the loss modulus (in DMA)
or in the quadrature spectrum (in infrared rheo-optics)
only appears at the onset of a new dissipation mechanism,
for example, at the sample Tg.1,2,23

The most prominent feature in the dynamic spectra of
iPP is the bisignate band at 1167 cm21 that is due to C–C
backbone stretching and to CH3 rocking. The shape of
this band has been attributed to a spectral shift caused by
a stress-induced change in the C–C bond length along the
main chain of the polymer.13 Indeed, this slight shift can
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FIG. 2. (A) In-phase PA-IR spectra of isotactic polypropylene obtained
for different dynamic strains at a 7.18 Hz deformation frequency, and
(B) plot of the absolute intensity of the dynamic infrared signal for the
1377 and 1167 cm21 bands as a function of dynamic strain.

be directly observed by comparing the static spectra (not
shown) recorded at the fully extended and relaxed ex-
tremes of the deformation cycle. The simultaneous mea-
surement of such static spectra can thus improve our un-
derstanding of the dynamic changes associated with the
deformation. In contrast with step-scan FT-IR, for which
truly static spectra at the fully extended and relaxed ex-
tremes of the deformation cycle must be recorded (in the
rapid-scan mode) independently from the dynamic ex-
periment, the PA-IR acquisition scheme simply requires
the collection of a background single beam in order to
extract pseudo-static spectra from the dynamic set at any
phase along the deformation cycle. This strongly limits
the risk of artifacts associated with sample relaxation dur-
ing the static acquisition of the stretched spectrum and
thus constitutes a clear advantage of PA-IR over the usual
approach.

The dynamic spectra recorded in an infrared rheo-op-
tical experiment can provide useful information about
molecular reorientation and changes in the molecular en-
vironment of the dipoles, but they also contain a contri-
bution that results from sample thinning. Since the thick-
ness of the sample is reduced in the elongated state, this
appears as negative bands in the dynamic spectra. How-
ever, this effect has usually been considered to be small
as compared to the overall signal in the dynamic spec-
tra.13,31 Chase and Ikeda have shown that it is possible to
avoid sample thinning by performing a shear deformation
instead of a tensile deformation.4 For the spectra of Fig.
1, it can be calculated that, assuming that the sample is
incompressible and that the deformation is isotropic, sam-
ple thinning contributes about 7% of the dynamic in-
phase signal for the 1167 cm21 band, while it is 11% for
the band at 1377 cm21. This effect is thus small for these
spectra, but this is not necessarily always true. In partic-
ular, the relative effect of sample thinning on the iPP
dynamic spectra recorded with light polarized perpendic-
ular to the stretching direction (not shown) was consid-
erably larger, and thus needs to be accounted for when
considering band intensities and even sign.

Although there is a good agreement between the step-
scan FT-IR and PA-IR dynamic spectra in Fig. 1, a sig-
nificant intensity difference can be observed for the 1167
cm21 band. This discrepancy is most probably due to a
difference in initial static strain for the two measure-
ments. The deformation frequency, 14.36 Hz for the for-
mer and 10 Hz for the latter, does not account for the
difference since superimposable spectra (not shown) have
been obtained at 7.18 and 14.36 Hz using the PA-IR
spectrograph. This observation is in marked contrast with
the results of Budevska et al., who have observed a sig-
nificant intensity increase for the in-phase spectrum when
reducing the deformation frequency from 23 to 13 Hz.13

They did not explain this non-intuitive behavior, as the
storage modulus would be expected to slightly decrease
when reducing the deformation frequency.

It should be mentioned that an intrinsic difference be-
tween PA-IR and FT-IR dynamic spectra is the fact that
the resolution of a dispersive instrument is constant in
wavelength and not in frequency, as for FT-IR spectrom-
eters.30 In the present case, the spectral resolution varies
gradually from about 6 to 13 cm21 from 950 to 1500
cm21. This reduced spectral resolution explains the broad-

er shape of the 1458 cm21 band in the PA-IR spectrum
as compared to the FT-IR spectrum measured with 8 cm21

resolution.
To further assess the value of the PA-IR spectrograph

for rheo-optical studies, the deformation of iPP has been
followed for dynamic strains ranging from 0.021% to
0.14%, at a 7.18 Hz deformation frequency and with un-
polarized light. Figure 2A clearly shows that all the spec-
tral features are highly reproducible and that only their
intensity varies with strain within this range. The inten-
sity (absolute value) of the symmetric C–H bending12 at
1377 cm21 and the difference between the positive and
negative peaks of the 1167 cm21 band have been plotted
as a function of the applied strain in Fig. 2B. A linear
relation between dynamic intensity and strain holds for
both bands, with correlation coefficients larger than
0.9997. This result constitutes a very nice validation of
the reproducibility and quantitative nature of the PA-IR
spectrograph for rheo-optical studies.

When using a lock-in amplifier or a digital signal pro-
cessor to demodulate the dynamic signal of a modulated
phenomenon into the in-phase and quadrature signals, as
with the step-scan FT-IR approach, it is implicitly as-
sumed that the forward and reverse processes possess the
same phase lag with respect to the external stimuli.32 In
the case of dynamic polymer deformation, this detection
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FIG. 3. (A) Series of dynamic PA-IR spectra recorded along the de-
formation cycle in a single experiment at a deformation frequency of
7.18 Hz, and (B) evolution of the dynamic signal for the 1167 cm21

band with the applied dynamic strain as a function of time during the
deformation cycle.

FIG. 4. In-phase PA-IR spectra of the isotactic polypropylene sample
deformed at 14.36 Hz recorded in a total acquisition time of 52 s, 8 s,
1 s, and 70 ms.

scheme will only provide an average phase lag for the
overall process, although the sample might, for instance,
deform in phase with the applied strain but relax with a
delayed kinetics. The PA-IR spectrograph can overcome
this limitation because it generates a series of single-
beam spectra along the deformation cycle and not only
the dynamic in-phase and quadrature signals. It is thus
possible, using a reformulated Eq. 1, to retrieve differ-
ence spectra from any pair of points along the deforma-
tion cycle with a time resolution of 8.7 ms.

Figure 3A shows a series of 16 spectra recorded in a
single experiment at a deformation frequency of 7.18 Hz.
Figure 3B demonstrates that a sinusoidal function is ob-
tained when plotting the intensity of any spectral band as
a function of time. The frequency of this sine function is
the same as that of the applied strain, but a slight phase
lag exists between them because of the partly viscous
response of the material. For a perfectly elastic material,
superimposed strain and dynamic infrared intensity
curves (or dynamic stress) would have been obtained.
Although no significant difference in the phase lag for
the stretching and relaxing parts of the deformation cycle
is evident in Fig. 3B for this almost perfectly elastic sam-
ple, the possibility of using PA-IR to follow indepen-
dently these two processes in a time-resolved fashion
should prove useful in the future.

As introduced above, one of the main limitations to
the more extensive use of infrared spectroscopy for the
rheo-optical study of polymers is the relatively long time
necessary to perform the experiments. This has many
practical consequences, the first being a requirement of
very high stability for the spectrometer during the mea-
surement process. From the sample standpoint, many
polymers cannot be strained for several minutes without
showing relaxation or plastic deformation. Any modifi-
cation of the sample during the acquisition of an inter-
ferogram will create artifacts in the spectra. In many
cases, films of the sample of interest have been deposited
on a Teflon or polypropylene substrate to avoid such ef-
fects,4,14,16,21 but this procedure could potentially alter the
viscoelastic properties of the sample. Finally, the time
scale of the FT-IR experiments limits, both from the in-
strumental and sample standpoints, the possibility of per-
forming complete temperature sweeps. To measure a full
mechanical relaxation spectrum, as is often realized in
conventional DMA experiments, such a complete tem-
perature or frequency sweep is necessary. Up to now,
studies of the temperature dependence of the dynamic
infrared spectra have generally been limited to a few dis-
crete temperatures.8,11,23,27

To fully demonstrate the time advantage of the PA-IR
spectrograph, Fig. 4 shows the in-phase spectra obtained
for total acquisition times of 52 s, 8 s, 1 s, and 70 ms at
a deformation frequency of 14.36 Hz with unpolarized
light. Obviously, the signal-to-noise ratio is better for the
longer experiments, but all the spectral features are easily
observed in the 1 s spectrum, including the weak wag-
ging and bending deformations between 1240 and 1350
cm21. The peak-to-peak noise for these spectra is 4.3 3
1025 A.U. for the 1 s experiment and a remarkable 4.0
3 1026 A.U. for the 52 s acquisition. As expected, the
peak-to-peak noise in the polarized spectra increases by
a factor similar to the reduction in transmitted intensity,
compared to the unpolarized case. In addition, when the
polymer deformation frequency is modified, for instance,
on going from 14.36 to 7.18 Hz, a different number of
deformation cycles can be averaged for a constant mea-
surement time. In consequence, the noise level for a con-



APPLIED SPECTROSCOPY 803

stant acquisition time increases as the deformation fre-
quency is reduced.

In contrast to the conventional methods, for which the
minimum measurement time is largely determined by in-
strumental constraints, it is possible with the PA-IR spec-
trograph to adjust the measurement time to obtain the
desired signal-to-noise ratio. The only limit is the neces-
sity of measuring through a single deformation cycle, i.e.,
about 70 ms at a deformation frequency of 14.36 Hz. In
that case, the peak-to-peak noise around the 1167 cm21

band is 4.4 3 1024 A.U., still small enough to clearly
observe the bisignate band in Fig. 4. Considering that
large storage and loss moduli changes occur when cross-
ing the glass transition temperature of a sample, such
noise levels strongly suggest that, using an appropriate
temperature-controlled microrheometer, it should be pos-
sible to perform dynamic rheo-optical measurement dur-
ing a temperature sweep at typical DMA rates between
5 and 20 K/min.

CONCLUSION

The results obtained in this work strongly suggest that
the new PA-IR spectrograph has the potential to create a
breakthrough in the rheo-optical study of polymers by
infrared spectroscopy. Highly reproducible dynamic
spectra of isotactic polypropylene with an excellent noise
level of 4.4 3 1026 A.U. have been recorded in 52 s, and
spectra with acceptable signal-to-noise ratio have been
recorded in as little as 70 ms, as compared to 5 min for
the conventional FT-IR based measurement. Such mea-
surement speed should expand the application of infrared
rheo-optics to more samples and enable temperature
sweep measurements. The drawbacks of PA-IR as com-
pared to FT-IR are a reduction of spectral range, resolu-
tion, and frequency accuracy. The new approach has the
additional advantage of providing the static absorbance
spectra as well as multiple dynamic spectra along the
deformation cycle. The simple no-moving-part design of
the PA-IR instrument also reduces the sensitivity to me-
chanical vibrations introduced by the environment and by
the microrheometer. Spectral data presented here were ac-
quired in a time-resolved format, demonstrating the po-
tential utility of this instrument for other types of time-
resolved spectroscopic measurements.
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