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ABSTRACT: Isotactic polypropylene (iPP) is used in a wide variety of products, including

the rapidly growing area of nonwoven fabrics. A new method based on Raman mi-
crospectroscopy is developed to determine the morphology of iPP fibers in complex
structures through correlations with specific features of the Raman spectra and the
birefringence and Lorentz density of a series of fibers. A good correlation is found
between the fourth Legendre polynomial (P,) of the principle axis of the Raman tensor
of the 841 cm ™! band and the birefringence. Only vibrations that include the C—C—C
backbone stretch correlate well with the birefringence. There is a second, empirical
correlation between the birefringence and the depolarization ratios of the 841 and 809
cm ™' Raman bands when the fiber axis is oriented parallel to the laser polarization.
The experimental protocol for this empirical correlation is much simpler than for the P,
correlation while simultaneously yielding improved accuracy. There is another empir-
ical correlation between the Lorentz density and the depolarization ratios of the 841
and 1330 cm ™! Raman bands. Thus, the birefringence and Lorentz density of iPP fibers
could be determined quantitatively using polarized Raman microspectroscopy. © 2001
John Wiley & Sons, Inc. J Appl Polym Sci 82: 1330-1338, 2001
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INTRODUCTION

The crystallinity and the extent of orientation of
molecular chains are two of the most important
morphological characteristics of the fiber struc-
ture that influence the final properties. The ori-
entation of polymer chains in a fiber is frequently
estimated using birefringence. Crystallinity can
be estimated by a number of different techniques
such as X-ray diffraction, calorimetric analysis,
and density measurements. Each method pro-
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vides a different measure of crystallinity and gen-
erally cannot be directly compared. None of these
methods has been shown to be more accurate
than the others. However, they usually give the
same trends in the crystallinity. In complex struc-
tures such as nonwoven fabrics, these methods
are difficult to perform with the desired precision.

The X-ray scattering of fibers requires a large
number of parallel fibers to obtain the high qual-
ity diffraction patterns needed for morphology
characterization. Birefringence requires individ-
ual fibers of a few centimeters length. Differential
scanning calorimetry requires approximately 10
mg of fibers. Because of the difficulty of extracting
fibers from a nonwoven fabric, none of these
methods are suitable for determining the mor-
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phology of these fibers. Moreover, with the devel-
opment of specialty fibers such as bicomponent
fibers, fibers having noncircular cross sections,
melt-blown fibers, and crimped fibers, it has be-
come difficult or impossible to use conventional
techniques for crystallinity and orientation mea-
surements.! A new, reliable method for measur-
ing the morphology within complex structures is
needed.

One potential method is Raman microspectros-
copy. Improvements in instrumentation have re-
sulted in many new instruments capable of mea-
suring the Raman spectrum on extremely small
samples.>® Raman microspectroscopy requires
virtually no sample preparation and has a spatial
resolution of <5 um. It has been used to study the
morphology of several polymers, such as poly(eth-
ylene terephthalate)? and nylon.* Raman spec-
troscopy can also provide the second and fourth
Legendre polynomials (P, and P,) of the molecu-
lar vibration associated with the Raman band
under study.” The average values of P, and P, for
Raman scattering are defined as

(P, - (3 cos26 -1

(35 cos*6 — 30 cos?0 + 3)

where the angle brackets indicate the average
over all chains in the sampling volume and 6 is
the angle that the major axis of the Raman tensor
for the vibration under consideration makes with
the fiber axis. The birefringence is a function of P,
of the polarizability and is given by®

An = Anp<P2>bir (2)

where An, is the birefringence of perfectly ori-
ented chains, (P,),;, is identical in form to eq. (1),
but the angle 6 is now the angle between the fiber
axis and the major axis of the polarizability ten-
sor for the polymer chain. Because the molecular
polarizability and the Raman tensor are both at-
tached to the polymer chain, it should be possible
to determine the birefringence via a correlation
with the measured polarized Raman spectra.
One of the earliest uses of Raman spectroscopy
on isotactic polypropylene (iPP) is the work of
Hendra and Willis’; they attempted to determine
the orientation of polymer chains within fibers
and films. They showed that the Raman bands

had different intensities when the fiber or stretch
direction of the film was parallel to the excitation
beam or perpendicular to it. Vasko and Koenig®
determined the depolarization ratios for all of the
vibrations of the monoclinic and semitic crystal-
line forms, as well as the melt. Satija and Wang®
and Wang and Cavanaugh'® used the depolariza-
tion ratios of the melt combined with the intensity
ratios of oriented iPP rods to determine the aver-
age values of P, for the 841 and 1256 cm ™! bands
and P, for the 1256 cm ™! band. They argued that
the depolarization ratio of the unoriented mate-
rial should be approximately the same in the melt
and in the semicrystalline rod. They found that
the P, of the 1256 cm ™! band was in good agree-
ment with the birefringence of the extruded rod.
De Baez et al.!! found that the intensity of the
band at 809 cm ™! increased relative to that at 842
cm ! as the crystallinity increased, but both
bands were also sensitive to the extent of chain
orientation. Fraser and colleagues'? also found
that the bands at 809 and 842 cm ™! were broad in
the samples of low crystallinity. The bands at
1152 and 1169 cm ™! were also sensitive to crys-
tallinity. However, to date, no quantitative corre-
lation of Raman spectra and iPP morphology ex-
ists. Presented below are new correlations be-
tween features of the polarized Raman spectra of
iPP fibers and the birefringence and densities of
these iPP fibers. These correlations enable quan-
titative measurements of the morphology on a
much smaller size scale (~5 um) than current
methods. This permits the analysis of the mor-
phology of core—shell or side by side bicomponent
fibers in which at least one of the components is
iPP, iPP nonwoven fabrics, or other complex
structures containing iPP.

EXPERIMENTAL

Materials

Low denier iPP fibers were kindly provided by
FiberVisions. The fiber samples were chosen to
have a wide range of crystallinity and orientation
to facilitate the development of robust morphol-
ogy correlations. These original samples had a
strong correlation between the density and the
birefringence (Fig. 1). To reduce this effect, addi-
tional samples were made by annealing several of
these yarns. A loop of an original iPP yarn was
made. This loop was tied to a polyaramid yarn
that was fastened to a fixed plate. The other end
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Figure 1 The correlation between the Lorentz den-
sity and the birefringence for the fibers used in this
study: (@) original samples as provided by FiberVi-
sions, Inc., ((J) samples that were cold drawn, and (A)
samples that were annealed (see text).

of the iPP loop was tied to another polyaramid
yarn. This yarn was placed on a pulley and a 10-g
weight was hung from it. A tubular heater was
placed over the first polyaramid yarn and heated
to 140°C. After equilibration, the heater was
rolled into position over the iPP yarn for 3 min
and then rolled back to its initial position. The
process is shown in Figure 2. Subsequently, single
fibers were removed from the yarn for analysis.
Additional samples were made by cold drawing

1

w[]
Figure 2 The annealing apparatus. The yarn (Y) that
is to be annealed is attached to two polyaramid fibers.
One polyaramid yarn is attached to a wall, and the
other is passed over a low friction pulley (P) and a 10-g
weight (W) is hung from it. The heater (H) is raised to
the annealing temperature while placed over the pol-
yaramid yarn on the left. After equilibrating, it is rolled
to the right until the yarn to be annealed is in the
center of the heater. After the desired annealing time,
the heater is rolled back to the left.

f

Figure 3 The interference fringes (heavy curves) are
shown on the fiber image (I) and the sheared image (S);
fa> the fringe shift within the fiber; e/, the equivalence
factor; D, the initial fiber diameter. The f, is for the
polarization parallel to the fiber axis (i.e., f; ).

some of the original yarns at 21°C and approxi-
mately 300 mm/min.

Measurements
Birefringence and Lorentz Density Measurement

The refractive indices parallel and perpendicular
to the fiber axis were measured on an Aus Jena
Interphako interference microscope. Ten fila-
ments of an iPP sample were mounted on a glass
slide and immersed in a refractive index oil (R. P.
Cargille Laboratories, Inc.) having a refractive
index between the parallel and perpendicular re-
fractive indices of the sample (1.48-1.50). A cov-
erslip was placed on top of the liquid. The fila-
ment was focused and aligned parallel to the left—
right axis of the microscope. The image was then
sheared until the two images were slightly sepa-
rated. The slit apparatus was rotated until inter-
ference fringes could be seen. The fringes were
aligned top to bottom in the eyepiece and adjusted
so that the spacing between them was 15 eyepiece
divisions. The 546-nm spectral line of a low pres-
sure mercury lamp was selected with an interfer-
ence filter. When light was polarized parallel to
the sample, the refractive index of the sample was
higher than that of the mounting liquid and the
fringes were deflected to the right. Likewise,
when light was polarized perpendicular to the
sample, the fringes were deflected to the left. This
is shown schematically in Figure 3. The refractive
index of the sample in the parallel and perpendic-
ular directions was calculated using'®
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fay-er
= g T
fd,L ‘e
n, = nliq — DO (3)

where n| and n, are the respective refractive in-
dexes of the sample parallel and perpendicular to
the fiber axis, n);, is the refractive index of the
mounting index liquid, e,is the equivalence factor
given by the ratio of the wavelength of light to the
fringe spacing (in eyepiece divisions), and D, (nm)
is the diameter of the fiber given by the product of
the diameter in eyepiece divisions and the mag-
nification. The birefringence (n) of the sample is
the difference between n| and n, , which is calcu-
lated by

An=n,—n, (4)

Finally the Lorentz density of iPP (g/mL) was
determined using the correlation developed by
DeVries':

_ niZSO - 1 5

p =3.1827 i %)

where n,, is the isomorphic refractive index given
by

oyt 2n, 5

Nigo = T ( )

The density is a quantitative measure of the crys-
tallinity.

Polarized Laser Raman Microspectroscopy

Raman spectra were collected in the backscatter-
ing mode using a HoloLab Series 5000 Raman
microscope coupled to a HoloLab Series 5000 Re-
search Raman Spectrometer 785 using a 785-nm
solid-state laser. The microscope objective per-
formed the dual function of focusing the laser
beam onto the sample and collecting and collimat-
ing the backscattered light. A holographic beam
splitter was used to separate the Raman back-
scatter from the counterpropagating laser light.
The backscatter was then further filtered with a
holographic superNotch filter to block Rayleigh
scattered light and was then focused through a
15-um pinhole into an optical fiber with a core
diameter of 100 um and finally into the imaging

spectrograph. The image of the fiber was dis-
played on a computer screen so that the sample
could be viewed during sample alignment. All of
the iPP Raman spectra were recorded using Kai-
ser Optical Systems HoloGRAMS software with a
single exposure for 200 s with the cosmic ray filter
on and dark noise subtraction on.

Single filaments were mounted on steel wash-
ers. To mount them flat, one end of the sample
was glued to the washer. Slight tension was ap-
plied to the other end of the fiber, and it was then
glued to the other side of the washer while still
under tension. (Glass slides could not be used
because of the strong phonon band from glass.)
The washer was placed on a rotation mount to
orient the fiber as desired. Raman spectra were
recorded primarily with the use of a single mode
collection fiber and a 50X objective. The fiber was
aligned along the x or the y axis of the microscope
by viewing the fiber image on the computer screen
while rotating the fiber to the desired orientation.

Raman spectra were collected using a back-
scatter arrangement in all four of the geometries
shown in Figure 4. Hence, the propagation direc-
tions of the incident and scattered laser beams
were along the same axis. The input laser beam
was polarized along the y axis and the fiber axis
was oriented either along the y axis or along the x
axis. The scattered light was passed through an
analyzer polarizer, which could be oriented par-
allel to the incident light polarization or perpen-
dicular to it. When the fiber was aligned along the
y axis and the analyzer was parallel to the inci-
dent polarization, the Y| spectrum was obtained.
When the analyzer was perpendicular to the in-
cident polarization, the Y, spectrum was ob-
tained. Likewise, when the fiber was aligned
along the x axis, the X and X, spectra were
obtained. The polarization direction of the ana-
lyzer was changed by rotating the analyzer. Be-
cause the Y, and X, spectra should be identical
for a cylindrically symmetric fiber,'® they were
used to normalize the intensities of the Y| and X|
spectra. The different sensitivities for the two
different polarizations (|| and L) of the instrument
were measured using the depolarization ratio of
CCl,. The perpendicular intensities were cor-
rected by multiplying them by 0.628 because the
instrument was more sensitive to this polariza-
tion.

Although the phase boundaries between crys-
talline and noncrystalline regions can lead to de-
polarization of the incident light due to scattering
from the interfaces, we found that this effect was
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Figure 4 The scattering geometry is defined in labo-
ratory coordinates where the incident laser propagates
in the z direction with polarization in the y direction.
The fiber axis may be aligned along the y axis or the x
axis. The scattered light propagates in the negative z
direction. An analyzing polarizer can be oriented to
select only light polarized in the y direction or only in
the x direction (i.e., polarized either parallel or perpen-
dicular to the incident light polarization). The configu-
rations for (a) Y, and Y, and (b) X, and X, are shown.

negligible in the samples we examined. We found
the depolarization ratio of the 398 cm ™! band to
be 0.087 for a high crystallinity, low birefringence
sample, which was in good agreement with the
values of 0.10 for the monoclinic crystalline form
and 0.08 for the melt reported by Vasko and Koe-
nig.®

An effort was made to collect data at the same
point when the fiber axis was aligned in the X and
Y orientations. Some unusual point in the fiber
was set as zero, and a known distance was tra-

versed along the fiber before collecting data.
When the sample was rotated, the singular point
in the fiber was again set as zero and an equal
distance was traversed along the fiber, thus col-
lecting data very near to, if not exactly at, the
initial point. Figure 5 shows typical Raman spec-
tra for a highly oriented fiber and one with a low
degree of orientation.

Data Analysis

All Raman spectra were analyzed using the
GRAMS/5 (Galactic Industries, Inc.) software
package. The Raman bands at 399, 454, 809, 841,
974, 1152, 1169, 1330, 1438, and 1452 cm ! of a
Raman spectrum were fit using the curve-fit rou-
tine in GRAMS. This routine fit the peaks and
gave the peak area, height, full width at half-
maximum, position, and Gaussian and Lorent-
zian content for each peak. Each peak was fit
multiple times with different initial conditions to
ensure repeatability of the fit, and the peak areas
were used for intensity. Raman spectra for all
three specimens of each sample in each of the four
configurations were used. Figure 6 shows a typi-
cal curve fit for the 1152 and 1169 cm ' Raman
bands of iPP.

The JMP (SAS Institute, Inc.) software pack-
age was used to perform multiple linear regres-
sion analysis to develop statistical models relat-
ing the birefringence and Lorentz density of the
fibers to the various peak intensity ratios of their
Raman spectra. The Raman data of all three fi-
bers in each sample were incorporated into this
analysis. The results obtained by the regression
analysis were then verified by collecting the Ra-
man spectrum of a new set of fibers, which con-
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Figure 5 The iPP Raman spectra of high (spectrum
a) and low (spectrum b) orientation fibers.
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sisted of iPP fibers prepared by varying only the
spinning speeds. Again three specimens were
used from each sample. The relations obtained for
the birefringence and Lorentz density were em-
ployed to predict the properties of these fibers.
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The results were then compared to the values
obtained from interference microscopy, and they
agreed within experimental error.

RESULTS

The Y, Raman spectra of two different fibers (high
and low orientation fibers) are shown in Figure 5.
It is obvious that there are many differences be-
tween these two spectra. These differences are
used below to develop Raman spectra—morphol-
ogy correlations. As noted previously, the bire-
fringence is related to the P, of the polarizability
of the chain segments within the fiber. The P, and
P, of the Raman bands are related to the change
in the polarizability for the individual molecular
vibrations. Therefore, we postulate that the bire-
fringence can be predicted quantitatively by the
average values of P, and/or P, of one or more
Raman bands.

The P, and P, can be determined from the
measured Raman intensities after correcting for
the instrumental polarization ratio as described
in the Experimental section:

[ 36(0‘)2 8] I, [36(0‘)2 + 5] In, [45(“)2 + 4}
B IXL B IYL B
[48“+8]X+ [24a+ 1]Y+ [84a+8]
B IXL B IYL B
[ 45(0‘)2 8454 4] . [45(0‘)2 14254 8] In 1890(“)3 180(“)2 168(a) 16
B B Iy, B B Iy, B B B
<P4> = (7
[144“+24]IX+ [72“+3}IY+252“+24
B Iy, B Iy, B

where Iy, (unoriented, noncrystalline) 3
Iy, (unori ine) 2 @
y, (unoriented, noncrystalline) «

4 + 45 E

1
a=§(a1+a2+a3)

1
B= 9 \"/(al —ag)® + (@ — ag)® + (a3 — a))® (8)

in which «; are the principle components of the
Raman tensor.'® The o/B can be directly deter-
mined from the depolarization ratio of the unori-
ented, noncrystalline material where Iy = Ix
Then

Wang and Cavanaugh'® argued that /B is nearly
independent of temperature such that the value
obtained in the melt can be used to represent o/
at room temperature. Vasko and Koenig® deter-
mined the depolarization ratios for all major
bands in the Raman spectrum of iPP, and these
are shown in Table 1.

Equation (7) was used to calculate P, and P,
from the measured intensities for X |, X, Y|, and
Y. From eq. (9) it is obvious that there are two
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Table I «/B for iPP Raman Bands in Study

ofB
Raman Band Depolarization Equation Criteria
(em™ 1) Ratio® 9) 10
399 0.080 +0.863 +0.863
454 0.220 +0.463
809 0.290 +0.375 +0.375
841 0.140 +0.622 +0.622
974 0.810 0
1152 0.700 0.080 +0.080
1169 0.700 0.080 +0.080
1330 0.770 0 0
1435 0.760 0 0
1457 0.760 0 0

The largest possible depolarization ratio was 0.75, which
gave o/ = 0.
2 From Vasko and Koenig.®

roots for o/B, giving two values of P, and P,. The
correct root can be determined by noting that if
o/B = 0, both roots are the same. When «/B8 # 0,
the criteria listed in eq. (10) can be used to select
the appropriate value.

—05=P,=1.0
—3/7=P,=1.0 (10)

Only solutions compatible with these criteria are
acceptable and are listed in the last column of
Table I. For the Raman bands at 454 and 974
cm ! neither solution was acceptable, indicating
that these values of o/ were not compatible with
the data in the present study.

All valid combinations of P, and P, for all of the
bands studied were tested for their correlation
with the birefringence. Only P, and P, of the 1169
cm ! Raman band (o/8 = +0.080) and the P, of
the 841 cm ! Raman band (o/B = +0.622) gave
good correlations with An. Of these, the P, of the
841 cm ! band gave the best fit:

An =0.0756 — 0.218-P, (11)

which is shown in Figure 7. The root mean square
(RMS) error for this fit was 0.0037. The 841 and
1169 cm ! bands have type A symmetry and ap-
proximately 30% of their potential energy distri-
butions consist of the C—C—C backbone stretch.
They were measured so that their polarization
direction was parallel to the helix axis of iPP.!”

The only other Raman bands that contain the
C—C—C backbone stretch are the bands at 972,
1044, 1365, 1378, 809, and 1152 cm ™~ *. The P, and
P, of the 972 band could not be determined be-
cause several samples had calculated P, and/or P,
values that were outside of the possible limits
when using the value of o/ provided by Vasko
and Koenig.® The bands at 1044, 1365, and 1378
cm ! are very weak and thus were not used in
this work. The two remaining bands (809 and
1152 cm 1) have type E symmetry and have po-
larization directions perpendicular to the helix
axis. Thus, the birefringence is well correlated to
P, and/or P, of the Raman bands that are polar-
ized parallel to the helical axis of iPP and whose
vibration contains a large portion of the backbone
C—C—C stretch.

However, the determination of P, is cumber-
some because spectra have to be recorded in all
four experimental geometries. A simpler ap-
proach is desirable for routine use, such as in
quality control. These above findings suggest that
an empirical approach using only the Raman
bands associated with the backbone stretch could
be used to correlate with the birefringence. How-
ever, no satisfactory correlation could be found
using only the Y| spectra, presumably because the
band intensities are related to both the orienta-
tion and the density. Using the Y, X, Y, and X |
intensities, the best correlations obtained were

Iy,

I
An = 0.1906(I ) + 0.00259<IY)
Yi/ g41 Y./ go9

—0.01935 (12)
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Figure 7 The linear regression of the birefringence
with the fourth Legendre polynomial (P,) of the 841
cm ™' Raman band.
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An (Equation 12)
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Figure 8 The birefringence calculated according to
eq. (12) is plotted against the measured birefringence;
(—) a perfect correlation.

where Iy and Iy are the intensities of the vibra-
tional band indicated in the Y| and Y, experimen-
tal geometries, respectively. The RMS error for
this fit was 0.0026, which was substantially bet-
ter than that obtained using P,. Figure 8 shows
the birefringence predicted using eq. (12) com-
pared to the measured values. Because the vibra-
tions of the 809 and the 841 cm ™! bands contained
the C—C—C backbone stretch, it seemed reason-
able that they should occur in this correlation.
Furthermore, the Raman tensors for these two
bands were predicted to lie nearly perpendicular
to each other. It was not surprising that they
appeared in eq. (12) with a reciprocal relation-
ship: the 841 cm ~! band intensities appeared in
the ratio IYL/IYH while the 809 cm ~! band inten-
sities appeared in the ratio Iy /Yy . A similar ap-
proach can be used for density. The best correla-
tion between the Lorentz density (g/mL) and the
Raman spectra found in this study was

Iy,
p=0.9420 — 0.06948 7
Yi/ 841

Iy

—0.000706( ) (13)
Iy, 1330

with a RMS error of 0.001 g/mL, and it is shown in
Figure 9. This dependence can be understood by
noting that as the birefringence increased the
density decreased for these fibers (Fig. 1). The
ratio (Iy /I Yu)841 increased as the birefringence in-
creased [as in eq. (12)], and hence this term ap-
peared in the density with a negative sign. There
are no reports in the literature indicating that an

intensity of the 1330 cm ™! band correlates with
either the birefringence or the density. We found
no correlation between the intensity of this band
and the birefringence. However, as shown in Fig-
ure 5, there was a large difference in this band
between the spectra of these two fibers. Because
the change did not correlate with orientation, this
difference must have been due to differences in
the crystallinity or density.

CONCLUSIONS

The birefringence of iPP fibers can be determined
using correlations constructed from Raman band
intensities obtained from polarized Raman spec-
troscopy. It was found that the P, of the 841 cm !
Raman band provided a good correlation with the
birefringence. The vibration associated with this
band involved the backbone C—C—C stretch and
was polarized parallel to the iPP helix. The P, and
P, of the other vibrational bands that were polar-
ized parallel to the helix and that included the
C—C—C stretch also correlated well with the bi-
refringence. These measurements required the use
of four experimental geometries to obtain the re-
quired intensities, which was experimentally diffi-
cult. A simpler experimental protocol was developed
using empirical equations to relate the intensities of
the Raman bands with the birefringence and the
Lorentz density. These correlations required the
use of only two experimental geometries with a
common fiber orientation. This greatly reduced the
difficulty in making these measurements while si-
multaneously providing improved accuracy. The
RMS error of prediction of the birefringence in the

0.940 . /{
0.935 L +
& .
=
2 0930 7
T
3 <
o
o
S 09251 o +
0.920 ; ¢ |
0.920 0.925 0.930 0.935 0.940

p measured

Figure 9 The Lorentz density calculated according to
eq. (13) is plotted against the measured Lorentz den-
sity; (—) a perfect correlation.
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empirical correlation (0.0026) was substantially
smaller than that based on the P, correlation
(0.0037). The RMS error for the Lorentz density
correlation was 0.001 g/mL. Thus, the birefringence
and Lorentz density of iPP could be determined
quantitatively via the correlations developed with
Raman microspectroscopy. This provided a new
method for determining the morphology of iPP in
complex structures, which are not amenable to tra-
ditional characterization methods.

The authors would like to thank the Nonwoven Coop-
erative Research Center for funding this work. In ad-
dition, we would like to thank R. Lannigan and P.
Desai of FiberVisions for providing the fiber samples.
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