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ABSTRACT: Polarized Raman microspectroscopy was used to analyze uniaxially oriented fibers of poly-
(ethylene terephthalate) (PET). A full analysis of bands at 1616, 998, and 1096 cm™! is reported for
cylindrically symmetric PET fibers. Average orientation and crystal orientation are obtained from the
1616 and 998 cm™* band, respectively. Although both the 1096 and the 998 cm~* bands are related to the
crystallinity, the second Legendre polynomial of the 1096 cm™ band, P2 1006, is substantially smaller than
for the 998 cm~* band, P, g9s. In addition, P; 1006 is Not related to the birefringence of the samples, and
there is no simple relationship between P 1096 and P2 g9s. The orientation distribution functions (ODFs)
for these vibrations were obtained by assuming a Gaussian distribution with a tilt angle relative to the
fiber axis and specific to each vibration. The 1616 cm™! band has a tilt angle of 23 + 4°, and the ODF
becomes narrower as molecular orientation increases. The 998 cm~* band has a tilt angle of approximately
0°, and the ODF is always very narrow. On the other hand, the tilt angle of the 1096 cm~! band increases,
and the ODF becomes narrower as the molecular orientation increases. However, because of the large
tilt angle, P for this band decreases as the molecular orientation increases.

Introduction

PET is a semicrystalline polymer with crystallinity
ranging from 0 to about 60%. It is widely used to
produce fibers, films, and containers. PET'’s physical
properties depend strongly on the morphology (orienta-
tion and crystallinity). Many techniques such as infra-
red dichroism, polarized Raman spectroscopy, polarized
fluorescence, NMR, interference microscopy, and X-ray
diffraction have been used to characterize the orienta-
tion of the polymer chains. Among them, polarized
Raman microscopy is unique in that it can provide both
the second- and fourth-order Legendre polynomials, P>
and Py, for particular vibrations within the samples. P,
and P4 are given explicitly in the theoretical section
below. Since Bower! developed the theory and the
procedures for determining the orientation of polymer
samples by polarized Raman spectroscopy in 1972,
several studies have been performed on PET samples.2~10
These studies found that vibrational bands 1616 and
631 cm™1! are related to the benzene ring in PET. The
1616 cm~! band has been assigned to the symmetric
stretching of the 1,4-carbons of the benzene ring? and
is believed to provide the average molecular orientation
of the polymer chains.2511

The 998 cm~! region has been assigned to three
different bands. The 1030 cm™~! band is associated with
the gauche configuration of the ethylene glycol unit of
PET. The 993 cm~! band has been assigned to the
symmetric stretching of the O—CH; bond and the
stretching of the C—C bond in ethylene glycol units of
all-trans configuration'2=15 in the noncrystalline region.
The 998 cm™! band has been assigned to the same
vibration in the crystalline region. When studying spin-
oriented and drawn fibers of PET, Adar and Noether?®
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noticed that fibers spun at low take-up speeds consis-
tently exhibited a weak peak at about 1030 cm™1; as
the take-up speed was increased, the weak band at 1030
cm~1 was replaced by a well-defined, relatively sharp
band at 998 cm~1. We observed the same phenomena.

Boerio and Bahl!? attributed the band at 1096 cm™!
to the combined vibration of benzene ring CC stretching,
CC stretching in the ethylene glycol unit, and ester
C(0)—O0 stretching. Stokr et al.13 and Quintanilla et al.1®
observed that the 1096 cm~! band intensity increased
with annealing of the samples. According to Stokr et
al., this band is characteristic of tTt conformations in
the chain, which is the form found in the crystalline
phase of PET. In this structure, t refers to the trans
conformation about the O—C axis of the glycol unit and
T refers to the trans conformation about the C—C axis
of the ethylene unit. Ellis et al.)” reported that the
intensity of this band increases with the degree of
extension induced in the PET samples. Adar and
Noether!® found this band in the crystallized PET
samples. The intensity of the 1096 cm~! band has been
shown to correlate with the full width at half-maximum
of the 1725 cm~! band, fwhm;7,5, and the sample density
or crystallinity.1#17.19 The relative intensity of this band
correlates linearly with the sample density. However,
no complete analysis of the orientation of this band
appears in the literature.

Although Bower?! had shown that the three principal
components of the Raman tensor and the second- and
fourth-order Legendre polynomials, P, and Py, could be
determined directly from the Raman spectra for cylin-
drically symmetric samples, the early studies did not
use the full analysis. They made what appeared to be
reasonable assumptions, namely that the Raman tensor
ratios of the particular vibrations were insensitive to
the local environment and the Raman tensor of the
vibration was cylindrically symmetric. This allowed the
Raman tensor ratio, r, to be determined from isotropic
samples.236 This assumption implies that the Raman
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tensor does not change with morphology (crystallinity
and/or orientation). This reduced the number of un-
knowns from 5 to 3, which could be determined from
the Raman spectra of the samples in three convenient
experimental geometries.

However, in 1995, Citra et al.?° showed that the
principal components of the Raman tensor in polyeth-
ylene changed with morphology, and thus the assump-
tion that they were constant was invalid. Later, Lesko
et al.1* measured the Raman spectra of the 1616 cm™?
band in PET fibers in 12 different geometries to obtain
the five normalized spectra needed to determine the
three Raman tensor principal components oy, ap, and
oz and two orientation parameters P, and P4. The
additional spectra were obtained to help to normalize
the intensities of the spectra from the different geom-
etries. They found that, not only did P, and P4 change
with morphology, as expected, but that the principal
components of the Raman tensor also changed, confirm-
ing the observation by Citra et al. The results presented
by Lesko et al. will be compared with those of the
current study in the Results section.

Recently, Yang and Michielsen?! performed the full
Raman analysis on the 998 cm~! band. They found that
this band could be used to determine the orientation of
the crystalline region in their samples, and it was
independent of the sample birefringence. At low bire-
fringence, they noted that this band occurred at 993
cm~! and thus indicated that the all-trans glycol unit
existed primarily in the noncrystalline region, while at
high orientation, they existed primarily in the crystal-
line region.

In an attempt to verify the work of Lesko et al. and
to extend the work of Yang and Michielsen, a detailed
analysis of the 1616, 998, and 1096 cm~! Raman bands
for cylindrically symmetric PET fibers is presented
below.

Theory

The theory for calculating the orientation parameters
of fiber symmetry by Raman spectroscopy has been
derived explicitly by Bower! and summarized by Citra
et al.?2® Yang and Michielsen?! provided a simplified
version, which is repeated below:

135°5(0) = 3355, = K(A — 2BP, + CP,)
135°5(90) = 1;,°°(0) = 1533, = K(A + BP, + 3CP,/8)

13,°%(0) = 3351, = K(D — EP, — '/,CP,)

1,,74%(0) = 3,21), = K(D + EP, + CP,/8)

15,°°(45) = (31-plane, 045° t0 3)54,), =
K(D — ',EP, + 19CP,/32) (1)

where the Iy confiouration() js the scattered intensity in
the backscattering configuration, BS, or right angle
scattering, RAS, with the laser polarization in the x
direction and the analyzer polarized in the y direction.
The number in parentheses indicates the angle between
the long axis of the fiber and the laboratory 3-axis. The
fiber lies in the 31-plane. In our apparatus, the laser
polarization is always in the 3-direction when using the
backscattering configuration. From symmetry, we ob-
tain 11,85(0), which is just equal to 13385(90). An alterna-
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Table 1. Sample Processing Conditions and Sample

Properties
spinning draw density birefrin- crystal-

sample speed (m/min) ratio (g/mL)  gence linity
S 15 1463 1.341 0.014 0.05
S_20 2012 1.344 0.018 0.08
S 25 2469 1.344 0.024 0.08
S 32 3200 1.345 0.045 0.08
S 41 4115 1.355 0.069 0.17
S_41_HMW 4115 1.363 0.078 0.23
D_200 2000 1.343 0.020 0.07
D_x a a 1.368 0.095 0.28
D_30_24 3000 24 1.397 0.187 0.52
D_45_19 4500 1.9 1.396 0.194 0.51

a Unknown.

tive nomenclature is provided as a modified Porto
nomenclature,?? ijuqm, Where the nonsubscripted num-
ber, e.g. i, specifies the orientation of the long axis of
the fiber. The subscript is the normal Porto system
where the first number, j, is the propagation direction
of the laser, the second number is the laser polarization
direction, the third number is the polarization direction
of the analyzer, and the fourth number is the propaga-
tion direction of the scattered light. A—E are functions
of ay/az and ap/as only, where a4, o, and oz are the
principal components of the Raman tensor as given by
Yang and Michielsen.2! K = IoNoas?, where Ig is the
incident intensity and Ny is the number of scatterers
within the scattering volume. P, and P4 are the average
values of the second- and fourth-order Legendre poly-
nomials, respectively:

P, = [P,(cos #)= (3[dos’ O 1)/2
P, = [P,(cos )= (35[6os” O 30[@os® HH 3)/8 (2)

where the angle brackets, (00 indicate the average is
taken over all chain segments within the scattering
volume. The angle 0 is the angle between the Raman
tensor principal component oz and the long axis of the
fiber.

From symmetry, l3; = l13 = Is2 = I3 and 111 = .
These relationships can be used to normalize scattered
intensities from different experimental configurations
and geometries.

Experiment

Two sample sets were analyzed (Table 1). The first set was
provided by DuPont and consisted of fibers prepared at
spinning speeds of 1463—4115 m/min, the “S” series. Two of
these samples were spun under identical conditions at 4115
m/min, but one had a higher molecular weight (S_41_HMW)
than the other. The second set consisted of four samples spun
at various speeds, drawn under various conditions and an-
nealed under tension at 150 °C in a continuous draw—anneal
process, the “D” series. Annealing times were less than 1 s.

Single filaments of each of these samples were extracted
and glued across the opening of Y/;-in. (~6 mm) steel washers.
The Raman spectra were obtained on a Holoprobe Research
785 Raman microscope made by Kaiser Optical Systems, Inc.,
using a 10x objective. Approximately 3 mW of 785 nm laser
light was focused onto the filaments in the region of the
opening in the washer. Polarized Raman spectra were collected
in all five geometries and polarizations, 13385(0), 13385(90),
13185(0), 12:745(0), 13:35(45). Two additional, degenerate spectra,
1,37*A5(0) and 13;85(90), were obtained to normalize the 1,;RA5(0)
and the 13385(90) spectra to the I3 spectra. Three specimens
were used from each sample.
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All data acquisition was performed using the Kaiser Optical
Systems’ “HoloGRAMS” software and analyzed using the
GRAMS32 software package (Galactic Industries Inc.) The
imbedded curve-fit routine was used to obtain the center,
height, full width at half-maximum (fwhm), and the Gaussian
and Lorentzian content for each peak. The area under the peak
was taken as the intensity of the peak. The detailed experi-
mental setup and data analysis have been published previ-
ously.?1.23

Results and Discussion

Since the samples used in the current study were the
same ones used by Natarajan and Michielsen?24 to
develop correlations between the birefringence and
Lorentz density with the Raman spectra, the birefrin-
gence, An, and the Lorentz densities, p, were determined
by applying the functions developed previously:

An = 0.001 + 0.0267(l 33 g6/ 133 702) +
0.00047 (135 1616/133.702)° (3)

p = 1.402 + 0.00177(l 35 905/ 135 702) —
0.024(FWHMa 1755) + 0.00083(15 gg¢/135 705)° (4)

where a3 is the 13385(0) intensity of the x cm~! Raman
band and fwhmag 1725 is the full width at half-maximum
of the 13385(0) intensity of the 1725 cm~! Raman band.
These are shown in Table 1, along with the crystallinity,
X¢, which was determined from the density:

XC = (P - pa)/(pc - pa) (5)

where p is obtained from eq 4, p, = 1.335 g/cm? is the
density of the purely amorphous phase, and p. = 1.455
g/cm? is the density of the pure crystalline phase.?® In
addition, Herman'’s orientation function, which is just
the second-order Legendre polynomial, P,, for the chain

was determined using the analysis by Kashiwagi et
a'_:2,22,24

I:)Z,An = Ar]/Anmax (6)

where the subscript “An” refers to P, obtained from
birefringence from eq 3 and Anmax is the maximum
birefringence for the fully oriented chains. For PET,
ANmay = 0.2452,

The intensities of the depolarized spectra were cor-
rected for the depolarization ratio of the Raman instru-
ment, instrumental factor, as previously described.?123
Briefly, it was found that the instrumental factor
decreases with the increase of wavenumber in the
Raman shift. The depolarization ratio for chemicals with
known depolarization ratios for specific bands, butyl
benzoate, 2-butanone, CCl4, and amorphous PET, were
determined. The instrumental factor, F(v), was deter-
mined:

F(v) = known depolarization ratio/
measured depolarization ratio (7)

The intensities for the depolarized spectra were then
multiplied by the instrumental factor to obtain the
corrected intensity:

I corr __ F('V)I

d
Yoy — measure (8)

XZy

In addition, since the intensities given in eq 1 are
absolute intensities, the spectra from the different
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Figure 1. Five uncorrected, uniqgue Raman spectra for sample
D_30_24 are shown in the range 500—1800 cm~!. The three
bands discussed in this paper are labeled.

geometries need to be corrected for differences in focus
and laser power. This was accomplished by using the
symmetry relationships l3; = l13 = I3 = I3, 13385(90) =
|;|_;|_BS(O), and |3lBS(90) = |1gBS(O). Thus

I BS(O)true — I BS(O)meas
33 33
IllBS(O)true — IBlBS(o)measl3388(9O)meas/|3188(9O)meas
|3lBS(0)true — F(V)|3lBS(O)meaS

|21RAS(0)true _

F(V) | 31BS(O)meas l 21RAS(O)meas/ l 23RAS(O)meas
13,°°(45)"""™ = F(1)15,°°(45)™** (9)

The superscripts “meas”, “true”, and “approx” refer to
the measured, true, and approximately true inten-
sities, respectively. 13,85(45)2PProx was used rather than
13,B8(45)tve hecause (a) there was no simple relationship
to use for correction and (b) it was found that the
correction due to 13;BS(0)™Meas/13,BS(90)meas was always
less than 10% and usually less than 5% provided that
these spectra were obtained by first recording the
13,88(0) spectra, then rotating the fiber in the 31-plane
such that the fiber long axis made a 45° angle with the
3-axis, refocusing, and collecting the 13,85(45) spectra.
Next, the fiber was again rotated in the 31-plane until
the fiber long axis made a 90° angle with the 3-axis,
refocusing, and collecting the 131(90) spectra. The cor-
rection to 13;85(45)Meas should be no greater than for
133B5(90)meas j.e., less than 5—10%, and thus is insig-
nificant. The spectra were always recorded in this
sequence. The good agreement between Py, Py, a/as, o/
agz, and ag? of the current study and that of Lesko et
al.1! as discussed below and as shown in Figures 2 and
6 indicates that this correction is adequate. The uncor-
rected spectra are shown in Figure 1 for sample
D_30 24.

Analysis of the 1616 cm™! Region. The Raman
spectra of each specimen were obtained as described in
the Experimental Section. From Figure 1, it is clear that
133B5(0) = 133BS(90), indicating a highly ordered sample.
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Figure 2. (a) P, and (b) P4 for the 1616 cm™! band: € are

from Lesko et al.,'* ® are from this study, and O are for the
high molecular weight sample in this study.

The intensities of the 1616 cm~! band were obtained
via curve fitting also described in the Experimental
Section. After making the above corrections to the
measured intensities, the true intensities were substi-
tuted into egs 1 and solved simultaneously using Math-
ematica (Wolfram Research, Inc.) to obtain the five
unknown values, P», P4, a1 = a1/as, ap = aylog, and K =
Io0Noaz2. P, and P, for spin series samples (S 15—
S_41_HMW) are shown in Figure 2 along with the
results by Lesko et al.l P, follows the same trend in
the present study as in that of Lesko et al., although
our values of P, are approximately 0.15 lower than
theirs. Both sets exhibit a sharp break at 2000 m/min.
At lower speeds, P, is nearly independent of spinning
speed, while at higher speeds, P, depends strongly on
spinning speed. In our study the value of P, does not
seem to be sensitive to the molecular weight.

Lesko et al. attributed the sharp break in their P, and
P, curves as being due to the sudden increase in
oriented amorphous regions and the onset of crystal-
lization. Our values of P, exhibit a break in the curve
at exactly the same speed as theirs, indicating a similar
process. It is also clear that our values of P, are lower
than those of Lesko et al. More importantly, there is no
break in the dependence of P4 on spinning speed in our
study while there is a sharp break at 3000 m/min in
their study (see Figure 2b). The higher molecular weight
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Figure 3. (a) P, and P4 for the 1616 cm™ band vs birefrin-
gence and (b) P, replotted with the curve representing eq 11.
W are for P, from drawn and annealed series, O are P, of
sample D_20_0, which was undrawn, @ are for P, from spin
speed series, a are for P, from drawn and annealed series,
and @ are for P, from spin speed series. Lines are linear
regressions for P, of drawn and annealed samples, solid, P, of
drawn and annealed samples; dashed, P, of spin speed series,
dotted.

sample in our study has a much higher value of P, than
the lower molecular weight sample. This may help
explain the differences between the two studies. If their
sample were spun at a lower temperature or with higher
molecular weight polymer than ours, the viscosity would
be higher for their samples than ours, resulting in a
more highly oriented sample, as indicated by the higher
values of P, and P4 observed by Lesko et al.1!

In addition to the spin speed series, we also deter-
mined P, and P4 for samples that had been drawn and
annealed. The results of P, and P4 for all of our samples
are shown in Figure 3a plotted against the birefrin-
gence. It appears that P, depends linearly on the
birefringence, although the spin speed series, S-series,
has a different dependence than the drawn and an-
nealed series, D-series. The three open squares cor-
respond to three specimen from a single sample that
was spun at 2000 m/min but that was neither drawn
nor annealed. These data could be fit by either of the
two P» lines. However, both of these lines extrapolate
to unreasonable values. The dotted line extrapolates to
a value of P, > 1 for An/Anmax > 0.55, but P, must be
less than or equal to 1. The solid line extrapolates to
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~0.16 for An/Anmax = 0. However, An/Anmax = 0
indicates a randomly oriented sample for which P, must
equal 0. In addition, Purvis and Bower? state that the
oz principal component axis lies along the C;—C4 axis
of the phenyl ring and that the C;—C, axis of the phenyl
ring is calculated to lie at 19°12’' to the chain axis. Using
their analysis and the Legendre polynomial identity

P,(1616) = P,(C,-C,) = P,(05) = P,(chain)P,(19°12')
(10)

and that Py(chain) = Pyan = An/Anmax < 1.0, so that
the maximum value of Px(as) is 0.841, which is below
the value of P,(a3) obtained from the extrapolation of
the solid line to An/Anmax = 1.0. Curves other than a
straight line can be fit to these data. We suggest

Py(az) =1 — exp(—1.84P, ,,) (11)

which fits the data of all of the samples used in the
current study, has the correct asymptotic dependence,
and is shown in Figure 3b. This implies that at low
overall chain orientation (low P, an) the oz axis, which
is believed to be collinear with the C;—C4 axis, can line
up easily with the fiber axis; i.e., P»(1616) increases
rapidly. As the chain orientation increases, the C;—C,4
axis must rotate toward 19°, and thus the rate of
increase in P,(1616) must decrease until at perfect chain
alignment P,(1616) = 0.841.

Figure 3a also shows that P4(1616) increases linearly
with P2 an = An/Anmax. However, the scatter in the data
is too large to exclude other functional dependencies on
P2.an. Since P4 is a higher moment of the orientation
distribution function than P;, there is no reason to
expect any particular functional dependence of P4 on
I:’Z,An-

Further analysis of P, and P4 using egs 2 yields the
average values of cos? 6 and cos* 0. The average value
of cos?" 0 is given by

Bos? 6= ["*27w(6) cos™ 6 sin 6 do/
[27w(6) sin 6 do (12)

where w(0) is the weighting function for the distribution.
By assuming a Gaussian weighting function with an
angular offset relative to the fiber axis, ¢

w(0) = exp(—m[0 — ¢]°) (13)

where m is the Gaussian factor, the orientation distri-
bution function for the asz axis can be determined. We
minimized the sum [Pa(fit) — Py(experiment)]? + [Pq(fit)
— Pa(experiment)]?, where Pan(fit) are obtained for P
and P4 from egs 2 using eqs 12 and 13 to obtain m and
¢. Pan(experiment) are just the values we obtained by
solving egs 1 using the corrected intensities from our
spectra. For this fitting, we used the “Solver” routine
in Microsoft Excel. The orientation distribution function
(ODF) is shown in Figure 4 for low-, medium-, and high-
birefringence specimen. At low birefringence, the ODF
is nearly flat, extending over all angles. As the orienta-
tion increases, initially the ODF peaks at ¢ = 0°.
However, as the orientation increases further and with
the onset of crystallinity, the offset angle ¢ rotates from
0 to 23 £ 4°. This indicates that for highly oriented and
crystallized specimen ¢ is close to the predicted value
of 19° used by Purvis and Bower.® Using the crystal

Macromolecules, Vol. 36, No. 17, 2003

0.025 T T T T T T T

0.020

0.015

ODF

0.010

0.005

0000 6 190 20 30 40 50 60 70 8 90

Figure 4. Distribution of 6 obtained by fitting eqs 12 and 13
to the measured values of P, and P4 for the 1616 cm~! Raman
band of sample S_15, dotted curve, S_41, dashed curve, and
D_30_24, solid curve.
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Figure 5. Values of m obtained from eq 13 vs birefringence
for the S-series. Line is linear regression for all points except
the one apparent outlier.

structure given by Daubeny and Bunn,26 the C;—C4 axis
is calculated to lie at 23° to the crystal axis, in agree-
ment with the findings from Figure 3b described above.
In other words, the oz axis lies very close to the C;,—Cy4
axis.

The values of m obtained from eq 13 are shown in
Figure 5 for the S-series. For this series, m is seen to
depend linearly on the birefringence. From statistics,
for a Gaussian distribution, the full width at half-
maximum, fwhm, = 1.1774/m. Thus, as birefringence
increases, the width of the orientation distribution
function decreases.

Finally, Lesko et al.!! found that the Raman tensor
ratios a; and a, as well as the tensor component a2
varied with spinning speed. Figure 6a shows a; and a;
from our experiments and from Lesko et al. Clearly, the
trends for a; and a; in both our work and that of Lesko
et al. are the same. a; and a, are of opposite sign, a;
decreases, and a, increases with spinning speed until
they reach plateaus near 2500 m/min. In Lesko et al.,
they also display their value of 5 = 1oNgas? (their Figure
9). However, they do not describe how they obtained §.
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Figure 6. (a) Dependence of a,, circles, and a,, squares, and
(b) dependence of 5 (Lesko et al.) or K (this paper) normalized
by 15385(0) are plotted against the spinning speed. Open
symbols are from Lesko et al. while filled symbols are from
our experiments.

In a previous paper by the same group, they appear to
normalize their intensity data by dividing all intensities
by 13385(0), although they do not discuss this normaliza-
tion. (see Table 1 of ref 20.) In Figure 6b we plot IoNooz?/
13385(0) = K/13388(0) along with their data for “5”, which
we believe has been normalized in the same way.
Clearly, there is good agreement between our values and
theirs in the range of spinning speeds from 3000 to 4200
m/min.

Both a; and a, are shown in Figure 7a as functions
of the crystallinity. a; decreases with increasing density
until it reaches a value of 0.3 at a density of 1.37 g/mL,
while a, increases with increasing density until it
reaches a value of —0.3, also at a density of 1.37 g/mL
or at a crystallinity of 0.29. Figure 7b shows the value
of ag? times an arbitrary constant, «, as a function of
crystallinity. [« = 13385(0). We chose this form to avoid
any dependence of 13385(0) on morphology.] az? increases
rapidly with crystallinity up to X = 0.37 or a density
of 1.38 g/mL. Thereafter, az? remains constant. This
indicates that, as the chain segments get closer together
and as they are incorporated into the crystalline phase,
the local field effects asymptotically approach constant
values. In the limit of a perfect crystal, we would expect
all of the local field effects to be identical, and thus a;,
ap, and az? should become constant, which is consistent
with our data.
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Figure 7. (a) Ratio of the principal Raman tensor components
a; = ou/os (@) and a; = oz/o; (M) and (b) the principal Raman
tensor component oz? of the 1616 cm~! Raman band are shown
plotted as functions of the crystallinity. « is an arbitrary
constant that accounts for the number of scatterers, the laser
intensity, and instrumental factors.

Analysis of the 998 cm~! Region. The 998 cm~!
region consists of three bands. The 993 cm~! band has
been assigned to the symmetric stretching of the O—CH,
bond and the stretching of the C—C bond in the ethylene
glycol units of all-trans conformations (O—C, C—C, and
O—C all in the trans configuration) in the noncrystalline
region, the 998 cm~* band has been assigned to the same
conformation in the crystalline region, and the 1030
cm~1 band has been assigned to the gauche conforma-
tion of the ethylene glycol unit in the noncrystalline
region.!® The analysis of the postdrawn series (D-series)
has been published elsewhere.?l Here we report the
combined results for both the D-series and the S-series.

As shown in Figure 8, sample S_15 exhibits only one
peak, a very broad band centered at 1030 cm~1. This
band has a Gaussian shape, which is consistent with it
being a Raman band from the amorphous region where
the local field effects should be random. Likewise,
sample D_30 24 has a single band at 998 cm~!. This
band has a Lorentzian shape, which is consistent with
the assignment to a Raman band in the crystalline
region where the local field effects are expected to be
uniform. On the other hand, sample S_32 exhibits three
bands—one at 1030 cm~! and two overlapped bands at
993 and 998 cm~1. This sample has moderate orienta-
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Figure 8. 13385(0) spectra of spin series PET is shown for the range of 960—1060 cm~. Curves are labeled by their respective
samples. Peaks are labeled by their respective frequencies. The thin solid line is a horizontal baseline.
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Figure 9. P, (® and ¢) and P, (B and a) for the 998 cm™?
band and P, (O) and are P4 (O) of the 993 cm~! band are shown
as functions of the birefringence. ®, B, O, and O are for the
undrawn (S-series) samples, and € and a are for the drawn
samples. The two curves are linear regressions to the function
¢ + [1 — exp(b*An/Anmax)] and are provided only to guide the
eye.

tion, An = 0.045, and low crystallinity, X, = 0.08.
Sample S_41 has higher orientation, An = 0.069, and
higher crystallinity, X, = 0.17. The 1030 cm~! band has
nearly disappeared. Both the 993 and the 998 cm™!
bands are increasing in strength, but the 998 cm~* band
is increasing more rapidly than the 993 cm™! band.
Heuvel?” and Desai®® showed that the onset of stress-
oriented crystallization in PET occurs above a spinning
speed of 3500 m/min. We found that sample S_32
exhibits peaks around 995 cm~1, while sample S 41
exhibits a distinct peak at 998 cm~1. This means that
the onset of crystallization occurs between 3200 and
4113 m/min. Thus, our Raman observations are consis-
tent with the earlier X-ray results.

Figure 9 shows P, and P4 for the 993—998 cm~! band
as a function of the birefringence for both the undrawn
(S-series) and for the drawn samples. The two curves
highlight the asymptotic behavior of P, and P, as
discusses in ref 21 but have no other meaning. The open
points on the right side of the curve correspond to the

993 cm~! band, while the solid points correspond
exclusively to the 998 cm~! band. This indicates that
the oriented noncrystalline region (993 cm™?! band) is
only partially oriented, whereas the crystalline region
(998 cm~1 band) is very highly oriented. The asymptotic
value for our value of P, for the 998 cmm~1 band is 0.94,
which is consistent with P of the crystals as found by
other researchers. Wide-angle X-ray scattering of a pure
spin series PET by Heuvel and Huisman?” showed that
P2 crystal IS ~0.96. X-ray work by Desai?® showed that the
stress oriented crystallization of a pure spin speed series
for P2 crystal 1S 0.89—0.93, and the polarized fluorescence
study of Spruiell?® showed that the crystal orientation
is constant with P crystal just above 0.9. This is under-
stood readily since PET crystallizes slowly except when
oriented. The chain segments oriented by the elongation
of the polymer melt crystallize many orders of magni-
tude faster than the unoriented chain segments.2° Thus,
the crystals are expected to be highly oriented, as
observed.

Since the 998 cm~! band is weak for relatively low
oriented and crystallized samples, the variations in the
measured values are P, & 0.09 and P4, + 0.12. It was
not possible to determine the ODF for this band. (For
the 1616 cm~1! band, the variations were P, 4 0.05 and
P, + 0.03.) However, we can estimate the offset angle
for the third principal component of the Raman tensor
(oeg) of the 998 cm™1 band:

P,.(all-trans ethylene glycol unit) =
Pan(chain) Py (0 g9) (14)

For perfect orientation, Pay(chain) = 1. Since P2(a3 998)
> 0.94, ¢ < 12°. Similarly, for the asymptotic value of
P, = 0.58, ¢ < 18°. The largest observed P, and P,
values give ¢ < 5° and 15°, respectively. Thus, the angle
between oz of the 998 cm~* band and the polymer chain
axis is less than or approximately 12°.

The Raman tensor ratio a; = ay/ag is positive, is close
to zero, and does not seem to depend on morphology.
On the other hand, a; = a,/a3 is negative and decreases
with increasing P, of the 998 cm~! band. In addition,
koz? = loNoaz?, where Ig is the incident intensity and
No is the number of scattering centers within the
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Figure 10. (a) xas? of the 998 cm~ band is shown to depend
linearly on the crystallinity while (b) xas%/X. is shown to be
independent of the crystallinity. The solid line is the average
value, and the dashed lines are located at +1 standard
deviation. « is an arbitrary constant.

scattering volume. xoz? increases linearly with crystal-
linity, while kog?/X. is independent of crystallinity (see
Figure 10). This is consistent with the assignment of
the 998 cm~! band to the all-trans conformation of the
ethylene glycol unit in the crystalline phase, since Ny
is directly proportional to X.. This agrees with our
previous results.?! Thus, oy and az are independent of
morphology, which is consistent with the assumption
that the local field effects are constant within the
crystal. On the other hand, o, appears to decrease with
increasing orientation. The source of this variation is
difficult to understand.

Analysis of the 1096 cm~! Region. The 1096 cm™?
region consists of bands at 1096 and 1117 cm~1. The
1096 cm~! band is a complicated band involving the C;—
C,4 stretch of the phenyl group, the C—0O stretch of the
carboxylic acid group, and the C—C stretch of the
ethylene glycol unit.!? The intensity of this band has
been shown to correlate with sample density and
crystallinity. We observed that its intensity increases
with both the overall orientation and Lorentz density
of the sample. On solving egs 1, we found that the
Raman tensor ratios of this band, a; and a,, are complex
numbers for all samples in the current study. In
addition, P21096 is substantially smaller than P, g9s. The
maximum value for P2 1096 is about 0.23 while P ggs IS
about 0.94. There is no simple relationship between the
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Figure 11. P4 is shown to be linearly related to P, for the
1096 cm~* Raman band.
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Figure 12. Orientation distribution function for the 1096
cm~! Raman band is shown for P, = 0.00, dotted curve, P, =
0.10, dashed curve, and P, = 0.25, solid curve. For this band,
as orientation increases, P, decreases.

measured values of P2 998 and P2 1096, €ven though both
bands have been related to the crystal phase and both
bands involve portions of the ethylene glycol unit.

Unlike the 1616 and the 998 cm~! bands, P, and P4
for the 1096 cm~! band show no dependence on density
or orientation. However, P, is always smaller than Py,
and there is a strong linear relationship between P, and
P, for the 1096 cm~! band

P, =0.0202 + 1.685P, (15)

as shown in Figure 11. Using eqgs 12, 13, and 15, we
find that the orientation distribution function gets
narrower and rotates to a higher angle (¢) as P;
decreases (Figure 12).

We believe the lack of correlation between P, and
morphology for the 1096 cm™~! band is due to its low
intensity, that it is always overlapped with the 1117
cm~1 band, and the large tilt angle between oz and the
fiber axis.

Conclusions

Polarized Raman spectroscopy in seven specific ge-
ometries was used to analyze uniaxially oriented PET
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fibers. Five of these geometries are unique, and two
redundant spectra are needed to normalize the five
spectra to a common amplitude. The features of these
spectra were used to determine the values and orienta-
tion of the principal components of the Raman tensor
to the chain axis and to determine the orientation
distribution functions for the 1616, 998, and 1096 cm~!
Raman bands as a function of processing conditions, e.g.,
spinning speed and draw ratio.

Our analysis of the 1616 cm~! band confirmed the
results of Lesko et al.,! showing that the Raman tensor
ratios vary with morphology. We found that the two
Raman tensor ratios oi/az and oy/as are of equal
magnitude but opposite sign. Both change with increas-
ing crystallinity, approaching constant values of ou/as
= 0.19 and ap/az = —0.19 for highly crystalline samples.
The square of the third principal component of the
Raman tensor, oz?, increases with crystallinity. We also
found that both P, and P4 increase monotonically with
birefringence. By assuming a Gaussian distribution of
chain orientation with an angular offset, we obtained
orientation distribution functions (ODFs) for a3(1616).
For low-birefringence samples, ODF for the C;—C, axis
is nearly flat. As the birefringence increases, the ODF
first begins to peak around 0°, but at high birefringence
and high crystallinity, the ODF narrows and rotates to
23°. Daubeny and Bunn?® found that, in the crystalline
phase, the C;—C, axis lies at 23° to the chain axis.
Purvis and Bower3 assumed that the C;—C, axis lies at
19° to the chain axis in their model of the normal modes
of crystalline PET and that a3 was collinear with the
C1—C,4 axis. The results of the present study indicate
that the a3 axis is nearly collinear with the C;—C, axis
of the benzene ring in PET, as assumed by Purvis and
Bower.3

Our analysis of the 998 cm~! band agrees with the
assignment of this band to the all-trans conformation
of the glycol unit in crystalline PET.22 We found that
the crystal orientation, P, g9s, IS Nearly constant at a
value of ~0.94 for all samples in which the 998 cm~1
band could be seen. After the onset of stress-oriented
crystallization, the increase of the orientation of the
crystals is small. P, of the 993 cm~! band is larger than
the average chain orientation but much smaller than
P, of the 998 cm~! band. This is consistent with the
assignment of the 993 cm~! band to the all-trans
conformation of the ethylene glycol unit in the noncrys-
talline region.’® The Raman tensor ratio oy/o of the 998
cm~1 band is positive, close to zero, and independent of
crystallinity or orientation. The as principal component
of the Raman tensor is also independent of crystallinity
and orientation. These results indicate that the local
field effect within the crystals is uniform and is consis-
tent with the assignment of the 998 cm~* band to the
crystalline phase. The Raman tensor ratio ay/oz is
negative and decreases with increasing crystal orienta-
tion, which is difficult to explain. The analysis of P, and
P4 indicates that a3(998) is aligned close to the fiber axis
in the fibers used in this study, ¢ < 12°.

Although the 1096 cm~! Raman band has also been
assigned to the crystalline region, P, of the 1096 cm™1
band is substantially smaller than for the 998 cm™!
band. In addition, P4 of the 1096 cm~! band is always
larger than P,. The orientation parameters P, and P4
have a linear relationship with each other. Again using
a Gaussian distribution for as of the 1096 cm~! band
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with an offset angle relative to the fiber axis, we found
that this band always has a narrow distribution with a
large tilt angle. As the fiber orientation increases, the
tilt angle increases and the distribution becomes nar-
rower.

These results show that polarized Raman spectros-
copy can be a very powerful tool for making detailed
measurements of the morphology of cylindrically sym-
metric fibers.
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