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ically. Thus one can use polymer matrices as a solvent for
studying physicochemical properties under high concen-
tration conditions.
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ABSTRACT: For a sensitive measurement of surface molecular orientation by attenuated total reflection
(ATR) IR dichroism, a modified sample holder was developed, utilizing a symmetrical, double-edged internal
reflection crystal. This modified sample holder allows the sample to be rotated without the disassembling
and reassembling operations which change the contact area between the polymer and the ATR crystal. Therefore
correction of the reflectivities to an internal standard absorption band which is insensitive to orientation is
not necessary with this modified apparatus. This was tested on two types of polypropylene. Results with
uniaxially drawn polypropylene show that the surface orientation is similar to the bulk, as expected. On the
other hand, the orientation as measured by this technique was greater on the surface than in the core of an
injection-molded polypropylene plate, a tendency confirmed by birefringence. This technique can be used
for estimating bulk orientation of a thick sample without sectioning when the surface has similar orientation
to the bulk. In cases where the surface differs significantly in orientation from the bulk, our technique should
provide a surface-sensitive estimation of orientation, since the surface probed is only about 1 um in this technique.

Introduction

The surface of polymers can be represented by different
structures and compositions from the bulk, for example,
as a result of processing conditions or photodegradation.
Therefore, careful characterization of the polymer surface
is essential to understand and improve surface-related
properties.

Although many techniques are available for the deter-
mination of the structure of polymers in the bulk, IR
spectroscopy appears to be one of the most amenable for
surface characterization. We have directed our attention
in this study to the measurement of surface molecular
orientation in comparison to bulk values by employing IR
spectroscopy. Measurement of bulk molecular orientation
by transmission IR dichroism with thin polymer films is
a well-established technique.! However, the use of atten-
uated total internal reflection spectroscopy (ATR) for
measurement of orientation on polymer surfaces is ex-
perimentally more difficult, in spite of the well-developed
theoretical basis for ATR of anisotropic polymers. Ac-
cording to Fluornoy and Schaffers,? three optical constants,
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k., k,, and k, of the polymer film, are related to the re-
flectivities for the transverse electric (TE) and the trans-
verse magnetic (TM) waves, where the x axis is the axis
of drawing with the y and z axes parallel and normal to
the film plane, respectively, as defined in Figure 1. With
the film sample oriented with its x axis normal to the plane
of incidence, the following two equations for the reflec-
tivities are obtained by rotating the polarizer by 90°:

In Reg, = —ak, )
In Ryy, = -8k, — vk, (2)

where «, 8, and +y are the functions of the refractive indices
of the sample and the reflection crystal and the angle of
incidence. A rotation of the film sample about the 2 axis
by 90° will place the y axis normal to the plane of inci-
dence, which will result in two additional equations

In Rg, = ~ak, 3)
In Roy, = 6k, - 7k, @

In theory, a measurement of any three of the four reflec-
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Figure 1. Geometry and definition of spatial axis for ATR IR
dichroism on polymer samples.

tivities will yield values for k,, &,, and k,. In practice, when
the sample is rotated, it involves disassembling and reas-
sembling the sample from the crystal in the sample holder,
frequently leading to a different contact area after rotation.
Since the reflectivities are very strongly dependent on the
area of contact, the errors could be substantial in these
measurements. The usual procedure to minimize this type
of error is to identify a particular absorption band which
does not show dichroism upon drawing and to normalize
the reflectivities of all dichroic bands to the reflectivity
of that band.3* Often it is difficult to identify such a band,
especially in highly drawn polymers. In order to solve this
problem, we have designed a special ATR sample holder
that can be rotated by 90° as a whole and thus does not
require disassembling or reassembling during sample ro-
tation. This was achieved by using a completely symmetric
crystal in regard to the z axis, i.e.,, a double-edged
square-parallelogram® crystal rather than the conventional
single-edged rectangular-parallelogram crystal. The details
of the new ATR setup will be described. We will report
some results obtained with this method, especially on the
measurement of the dichroic ratio, &,/k,, on polypropylene
surfaces in comparison to their bulk. It is noted from the
above equations that the polarizer does not need to be
rotated for the measurement of k,/k,, since only eq 1 and
3 are necessary.

Experimental Section

Sample Polymers. Two polypropylene samples were used.
The first type was a film from Amoco (1050-14 grade), courtesy
of the Army Materials Research Center, Watertown, MA. This
film was uniaxially drawn at either 25 or 150 °C, in an Instron
environmental chamber, up to a draw ratio of about 8. Only center
portions of the drawn film were analyzed. The thickness of the
film varied from 50 um before drawing to about 20 um at the
highest draw ratio studied. The depth of the surface studied by
ATR at 1168 cm™ was about 1 um, while the transmission IR data
sampled the whole thickness.

The second type of sample was injection-molded polypropylene,
received courtesy of Metal Box Ltd. of England. Since the in-
jection-molded polypropylene was too thick (8 mm) to run
transmission spectra, the sample was microtomed and polished
to expose the core surface, and the core dichroic ratio was taken
from ATR spectra of that surface.

ATR Apparatus. The KRS-5 crystal used in this study has
the configuration of a parallelogram with a square top and bottom
plane (25 mm X 25 mm X 3 mm). The four edges of the crystal
were formed at a 45° angle as shown in Figure 2a. The crystal
is therefore symmetrical if rotated by 90° around the z axis. Three
reflections occur when the IR beam enters the crystal at 53°. For
comparison, the geometry of the conventional KRS-5 crystal is
shown in Figure 2b. It is a long, thin parallelogram with a rec-
tangular top and bottom plane (50 mm X 20 mm X 2 mm) and
only two edges at an angle of 45°, while the other two edges are
perpendicular to the top and bottom planes. The number of
reflections is usually greater than ten.

Figure 3 shows the arrangement in which the samples and the
modified crystal are clamped together. A stainless steel C clamp
is fitted with two stainless steel blocks, or “pressure plates”, one
on each jaw of the clamp. The polymer sample and the KRS-5
crystal are placed between the pressure plates and the jaws of
the clamp are tightened until the crystal and the sample are in

Macromolecules

SAMPLE

z | KRS<5 CRYSTAL
|

SAMPLE

SAMPLE

(b)

Figure 2. Dimensions and optical schematic of ATR attachment:
(a) modified crystal, which is a double-edged square-top paral-
lelogram; (b) conventional crystal, which is a single-edged rec-
tangular-top parallelogram.
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Figure 3. Schematic of modified, rotatable ATR sample holder
with C clamp.

intimate contact. Four holes have been drilled in one of the
pressure plates, two holes in each of two adjacent edges. These
holes mate with two stainless steel pins protruding from the side
of the base plate of the ATR attachment, which is otherwise
standard. The C clamp, with the crystal and sample(s) in place,
is then fitted to the base plate and the spectrum is recorded. From
this spectrum and eq 1, k, can be calculated. By removing the
entire ATR holder assembly with the samples clamped in place
and refitting it to the base plate with the pins inserted in the
second pair of holes in the pressure plate, a measurement can be
made at exactly 90° from the first one without disassembling the
sample from the ATR sample holder. The C clamp is designed
so that it will not obstruct the optical pathways. From the second
spectrum k, can be calculated by using eq 3.

IR Analyses. ATR and transmission IR spectra were taken
with a Digilab FTS-14 Fourier transform IR spectrometer, with
typically 100 scans at a resolution of 4 cm™. The twin parallel
mirror type ATR attachment (TMP-V00) and the modified
crystals (KRS-5) were purchased from Harrick Scientific Corp.
The reflection attachment facilitated easy and efficient alignment,
with the capability of variable incident angles from 25 to 75°,
though an incident angle of 53 or 45° was chosen for this study.
This angle is much greater than the critical angle, therefore
reducing the distortion in the spectra. A germanium double-
diamond polarizer (PDD-01B) from Harrick Scientific Corp.,
which is a Brewster’s angle crossed-plate polarizer, was used as
a polarizer of the IR beam because of its greater transmission
intensity (over 50%) at 99% polarizer efficiency. For the studies
reported in this work, the polarizer was set at a transelectric
polarization only, since we were only interested in obtaining the
dichroic ratio of k,/k, values. Even for obtaining the dichroic
ratio of k,/k, for the bulk by transmission IR dichroism studies,
the sample was rotated by 90° rather than the polarizer. Since
the polarizer was not rotated for either surface or bulk studies,
it was not necessary to correct for the instrument polarization
effect. which is dependent on polarizer angle.
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Figure 4. Dichroic ratio, k,/k,, at 1168 cm™ as a function of

uniaxial draw ratio for polypropylene drawn at either 25 or 150
°C.

Birefringence Measurement. For birefringence measure-
ment, specimens from the center of the injection-molded poly-
propylene were cut from both the surface and the core, perpen-
dicular to the z (thickness) direction. The thickness of the
specimens measured with a Bausch and Lomb stereomicroscope
was about 60 um. Birefringence was measured in a Reichert light
microscope, using a Berek compensator (a Leitz/Wetzlar calcite
crystal).

Results and Discussion

In order to check the applicability of the modified ro-
tatable sample holder to the measurement of dichroic
ratios on the plane of polymer surfaces, uniaxially drawn
polypropylene films were used. The drawing was carried
out either at room temperature or at 150 °C. Fluornoy®
had shown that when drawn uniaxially at 152 °C, poly-
propylene films had similar surface orientation to the bulk.
It is unlikely that drawing at 25 °C will cause a difference;
thus surface and bulk orientations in these samples would
be expected to be similar. The surface dichroic ratio, k,/k,
(where x is along the stretch direction and y is the trans-
verse direction on the film plane), was measured by uti-
lizing a rotatable sample holder, and the bulk value was
obtained by a transmission technique by rotating the
sample. Figure 4 shows a plot of the dichroic ratio, &, /k,,
measured at 1168 cm™ as a function of draw ratio in these
drawn polypropylene films. With our apparatus we did
not correct the reflectivities of the dichroic band at 1168
cm™! to the reflectivity of an internal standard band which
does not show dichroism upon drawing but rather assumed
the same contact area upon rotating the sample holder.
The absorption band at 1168 cm™ was chosen because its
intensity was most convenient to use in this analysis. This
band, which has been assigned to a complex mode of C-C
chain stretching, CH; rocking, and CH bending, is known
to be sensitive to crystallinity (or helix length) since its
intensity becomes quite weak in melt.51° It is a combi-
nation band even though much of its contribution comes
from the crystalline phase.'! This band is observed to
exhibit parallel dichroism when uniaxially oriented,!?4
so it is expected that the dichroic ratio, k,/k,, defined as
above would give values greater than one as a function of
increasing uniaxial draw ratio. Indeed, Figure 4 shows that
the dichroic ratio k,/k, increases from about 1 to about
4 with the draw ratio. f"urthermore, within experimental
error, the surface has similar orientation to the bulk., Films
drawn at elevated temperature (150 °C) show slightly
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Figure 5. Definitions of spatial axes in injection-molded poly-
propylene (small cross-hatched area is where the sample was taken
for analysis).

Table I
Characterization of Injection-Molded Polypropylene
Plate, Surface vs. Core

dichroic
ratio k./k, birefringence
surface 2.0 4x 1073
core 1.2 <1x 10°¢

higher orientation than films drawn at room temperature,
but still the bulk and the surface have similar orientation,
which is consistent with Fluornoy’s results. These results
seem to support, within experimental error, our assumption
of the same contact area upon rotation of the sample
holder.

As an example of detecting different orientation between
the surface and the core with our modified rotatable ATR
apparatus, we have chosen an injection-molded poly-
propylene plate. In many injection-molded thermoplastics
it has been observed that the surface is more oriented,
usually in the flow direction of the molten polymer, due
to the rapid cooling effect from the mold surface. For
example, with injection-molded polyethylene, Bakerdjian
and Kamal'® observed the highest value of birefringence
on the surface (~10-um-thick section), decreasing con-
tinuously toward the core of the molding. Tan and Ka-
mal!® have confirmed this phenomenon of higher surface
orientation along the flow direction by transmission IR
dichroism studies on thin (~20 um) microtomed sections
of injection-molded polyethylene. Therefore, it is rea-
sonable to expect that similar trends would be observed
in injection-molded polypropylene. A small piece from the
center of the injection-molded polypropylene plate (3 in
X 3 in X 1/, in), as shown in Figure 5, was examined by
utilizing our rotatable ATR setup. As summarized in
Table I, the surface dichroic ratio k,/k, (x is the flow
direction) was found to be 2.0, as compared with the di-
chroic ratio of 1.2 from the core of the specimen. The core
was exposed by microtoming and polishing off half of the
thickness. This result clearly suggests that the surface has
higher orientation along the flow direction than the core
in the injection-molded polypropylene, a tendency similar
to what has been observed in injection-molded poly-
ethylene. However, Trott? has reported that the surface
dichroic ratio k,/k, at 1168 cm™, as measured from ATR
spectra, using a 1462-cm™ band as an internal standard,
was sometimes less than one in some injection-molded
polypropylenes, especially with very high molecular weight
polypropylene. Therefore, it was felt necessary to confirm
our measurement of orientation by another independent
technique. For the sake of convenience, we chose bire-
fringence, whose results are summarized in the second
column of Table I. On the surface (about 60 um in
thickness), the birefringence was clearly evident, having
an estimated value of 4 X 1073, In uniaxially drawn (at 110
°C) polypropylene films, this level of birefringence corre-
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sponds to about 20% elongation.!” Even though the in-
jection-molding process would not produce uniaxial
drawing on the surface and the polymer is in the molten
state rather than at 110 °C, the measured surface bire-
fringence is in a reasonable range. In contrast, no ap-
preciable birefringent activity was observed in the core of
the sample under the conditions of our birefringence setup.
Since undeformed polypropylene is known to have almost
zero value of birefringence,'’ the core is likely to be com-
posed of relatively undeformed spherulites. Overall, bi-
refringence results show the same tendency as our IR
measurements in that the surface shows greater orientation
than the core. However, direct comparison between bi-
refringence and IR measurements is difficult for at least
two reasons: first, in our IR work the surface is probed
only in the order of 1 um, while in the birefringence me-
thod the surface probed is much thicker. Secondly, the
dichroic ratio at 1168 cm™ comes mostly from crystalline
contribution, while the birefringence value has contribu-
tions from both crystalline and amorphous phases of the
material.

Conclusions

We have demonstrated in this work that a modified
ATR sample holder employing a double-edged square-top
parallelogram as the internal reflection crystal can be used
to characterize surface molecular orientation via attenuated
total reflection IR dichroism. This modified sample holder
allows the sample to be rotated without the disassembling
and reassembling operations which change the contact area
between the polymer and the ATR crystal. Therefore
correction of the reflectivities to an internal standard peak
which is insensitive to orientation would not be necessary
in this modified setup.

Two types of polypropylene were used to test the ap-
plicability of this modified apparatus. Results with uni-
axially drawn polypropylene show that the orientation as
expressed by the dichroic ratio k,/k, on the plane of the
surface is similar to the bulk dichroic ratio, which is ex-
pected. The measurement of orientation by IR trans-
mission spectroscopy requires very thin films for many
polymers, often as thin as a few microns. With thicker
samples which are most likely the case in many polymer
applications, the use of ATR technique could provide a
means of obtaining a dichroic ratio from the surface of the
polymer, provided that the surface and the bulk are ex-
pected to have similar orientation. This can be checked
by other techniques for orientation measurement such as
birefringence. Qur results, as demonstrated in Figure 4,
seem to indicate a potential of using our modified rotatable
ATR apparatus from the surface of polymers for the
measurement of bulk orientation when the orientation of
the bulk and the surface is expected to be similar.

The orientation as measured by this technique on the
surface of the injection-molded polypropylene was greater
than the core of the sample, a tendency confirmed by
birefringence measurement. When the surface has quite
a different extent of orientation from the bulk or the core
of the sample, as in the case of injection-molded polymers,
our technique can be used as a surface-sensitive technique
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for assessing orientation, and thus supplements refractive
index measurements (n,, n,, and n,) from polymer surfaces
with polarized visible light, as reported by Schael!® and
Normandin and Legrand.!® IR technique has the advan-
tage that orientation of crystalline, amorphous, or different
conformers can be followed separately based on proper
band assignment, while such separation is not possible in
orientation as measured by refractive index or birefrin-
gence.

Our technique has a disadvantage due to the smaller
number of reflections as compared with the conventional
ATR technique, which results in lower intensities in ATR
spectra. This can be circumvented either by choosing a
high-intensity band for dichroic ratio calculation, by re-
ducing the thickness of the symmetrical crystal, or by
enlarging the crystal’s other dimensions to some extent to
increase the number of reflections.

In order to provide extensive information on orientation,
it seems that the determination of k,, the optical constant
along the thickness direction, will be useful in addition to
k, and k, which were obtained in this study. It seems also
desirable to use multiple IR absorption bands, each as-
signed to crystalline, amorphous, or a different conformer,
respectively, to fully exploit our ATR IR dichroism setup.
We hope to continue our future work in this direction.
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