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Determination of Crystallinity and Morphology of
Fibrous and Bulk Poly(ethylene terephthalate) by
Near-Infrared Diffuse Reflectance Spectroscopy

CHARLES E. MILLER and B. E. EICHINGER*

Center for Process Analytical Chemistry, Department of Chemistry, BG-10, University of Washington,

Seattle, Washington, 98195

Diffuse reflectance spectroscopy in the near-infrared (NIR) region (1100-
2400 nm) was used to characterize the morphology of fibrous and bulk
poly(ethylene terephthalate) (PET). The method of Partial Least-Squares
(PLS) was used to correlate NIR spectra of PET yarns with percent
crystallinity. Standard error of prediction values for percent crystallinity
in PET yarns are in the range of 2-3.5% crystallinity, and depended on
the specific NIR spectral region used for analysis. Principal Components
Analysis (PCA) was used to study the differences in NIR spectra of bulk
PET samples that were crystallized at different temperatures. It was
observed that NIR spectroscopy can detect changes in both intermolec-
ular and intramolecular interactions in PET. The observed effect of
crystallization temperature on the morphology of bulk PET is very sim-
ilar to effects observed in earlier IR and thermal analyses. In addition,
detection of moisture in bulk PET is demonstrated.

Index Headings: Analysis for polymers; Near-infrared spectroscopy;
Spectroscopic techniques.

INTRODUCTION

Poly(ethylene terephthalate) (PET) is currently being
used for a wide range of applications. Blow-molded PET
is used for food and beverage containers, and drawn PET
fibers are used for tire reinforcement.! The physical prop-
erties of PET depend on several structural factors, such
as percent crystallinity, crystallite dimension, and ori-
entation.? These structural factors can be influenced by
various treatments, such as annealing or drawing, to pro-
vide a product with properties appropriate for a specific
application. As a result, it is important to determine the
effects of these treatments on the structure in order to
determine the physical properties of the polymer.

Many different analytical methods have been used to
determine structural factors in PET. Infrared and Ra-
man spectroscopy have been used to determine orien-
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tation, percent crystallinity, and chain folding at crys-
talline-amorphous interfaces.>'? NMR spectroscopy has
been used to characterize the structure of amorphous
PET.*® Wide-angle x-ray scattering (WAXS) can be used
to determine percent crystallinity and structure of crys-
talline domains,*'4!> and small-angle x-ray scattering
(SAXS) is useful for the determination of crystallite di-
mensions and orientation of amorphous polymer
chains.'#1617 The orientation of polymer chains in PET
fibers can be determined from birefringence measure-
ments,>'21318 and differential scanning calorimetry (DSC)
yields the percent crystallinity and the presence of dif-
ferent phases in the polymer.1418-22

These methods can provide important structural in-
formation about PET. However, they often require ex-
tensive sample preparation and long analysis times. As
a result, they might not be useful for rapid process anal-
ysis. For situations where a rapid analysis is desired,
near-infrared (NIR) spectroscopy is very effective.23-25
The linearity of NIR absorptions and sensitivity of com-
mercial NIR spectrometers allow rapid accurate analyses
of relatively unprepared samples, such as wheat*?% and
bulk polymers.2427

NIR spectra contain bands from overtones and com-
binations of fundamental vibrational modes. As a result,
much of the information present in IR spectra is present
in NIR spectra. However, because NIR peaks are con-
siderably broader than IR peaks, absorbances of indi-
vidual analytes are commonly overlapped. Fortunately,
this difficulty can be reduced by the use of multivariate
calibration techniques, like Partial Least Squares
(PLS)2%-% and Principal Components Analysis (PCA).3
These methods can use all spectral frequencies to estab-
lish a correlation between NIR spectra and structural
features for PET.

The PLS method can calibrate NIR spectra of PET
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to a specific property, such as percent crystallinity. The
ability of NIR spectroscopy to determine the property
of interest is indicated by PLS calibration and prediction
error statistics. In addition, the PLS regression coeffi-
cient spectrum can be used to identify the NIR absor-
bances, and thus the functional groups, that are affected
by the property of interest.

Unlike the PLS method, the PCA method does not
determine a specific relationship between NIR spectra
and a specific property, but determines the principal
component of variation in the NIR spectra of samples
with varying properties. The principal components of
variation in the NIR spectra correspond to structural
variations in the polymer samples. As a result, the scores
and loadings spectra obtained from PCA can be used to
investigate the structural variations of the different sam-
ples. The PCA scores indicate the relationship between
the different PET samples used in the analysis, and the
PCA loadings spectra indicate the specific NIR spectral
features that correspond to the structural variations.

Because the principal components of variation must
be orthogonal, they usually do not correspond directly
to structural variations in the polymer. Instead, the prin-
cipal components contain contributions from several
structural variations. However, supplementary infor-
mation about the PET samples, implied from earlier
analyses, can be used to assign principal components to
specific structural variations.

In this work, the ability of NIR spectroscopy to de-
termine crystallinity and other structural factors in PET
is demonstrated. The method of PLS is used to correlate
NIR spectra to percent crystallinity in fibrous PET. In
addition, PCA analysis of bulk PET crystallized at dif-
ferent temperatures is used to demonstrate the sensitiv-
ity of NIR spectroscopy to both crystal growth and crys-
tal perfection mechanisms. Finally, the ability of NIR
spectroscopy to distinguish between orientation and
crystallinity in PET is demonstrated by PCA analysis of
bulk and fibrous PET spectra.

EXPERIMENTAL

Materials. Bulk PET (M, = 18,000) was obtained from
the Goodyear Tire and Rubber Company. Although the
exact crystallinity of the bulk PET was unknown, it was
assumed that it was mostly amorphous. The pellets were
then ground to produce particles in the 500-1000 um
range. Eight 5-g portions of the bulk PET were taken;
seven of these were heat-treated at seven different tem-
peratures (110-230°C in 20°C increments) for 5 min in
an oil bath with a dry air purge. After heat-treatment,
each sample was placed in a vial and allowed to cool to
room temperature.

Five different PET tire yarns were also obtained from
the Goodyear Tire and Rubber Company. A spun yarn,
a fully-drawn yarn, and three underdrawn yarns (10, 20,
and 30% underdrawn) were obtained, with the use of
the procedure outlined in Ref. 32. X-ray diffraction anal-
yses of the yarns were performed with a Rigaku D-max
x-ray spectrometer. The scattering curve for the spun
yarn (used as an amorphous reference) was fitted to the
diffraction patterns of the other yarns to determine the
amorphous fraction of polymer in each, and the remain-

TABLE I. Percent crystallinity of PET tire yarns determined by x-ray
diffraction.

Percent
Sample type Sample code crystallinity=
Spun YO 0
30% Underdrawn Y1 37
20% Underdrawn Y2 42
10% Underdrawn Y3 44
Fully drawn Y4 42

» Estimated error of 2-3% crystallinity.

der of the diffraction pattern for each sample indicated
the amount of crystalline polymer. The percent crystal-
linity values for the PET tire yarns are shown in Table
I. The estimated error of the x-ray-determined crystal-
linity values is 2-3% crystallinity.

Spectroscopy. NIR diffuse reflectance spectra of PET
powders and yarns were obtained with a Pacific Scientific
6250 NIR grating spectrometer. The spectral range was
1100-2400 nm, the wavelength accuracy was +1 nm, and
the bandpass was 10 nm. Bulk samples were packed into
a reflectance sample cup with a quartz window, which
was then placed in the spectrometer for NIR analysis.
Yarn samples were rolled into a ball and placed into a
reflectance sample cup for NIR analysis. Each scan lasted
about 30 s. Four scans for each bulk and yarn sample
were taken with the sample packed twice in the cell and
scanned in two different orientations in the spectrome-
ter.

A near-infrared transmission spectrum of ethylene gly-
col (EG) (Aldrich) in a 1-mm-pathlength cell and a dif-
fuse reflectance spectrum of terephthalic acid (TPA)
(Goodyear Tire and Rubber Co.) in a reflectance sam-
pling cup were used to assist band assignments of PET
spectra.

Data Analysis. Before multivariate analysis, each spec-
trum was corrected for multiplicative and baseline scat-
tering effects by the method of Multiplicative Scatter
Correction (MSC).?® In some cases, the second deriva-
tives of the spectra were taken before MSC correction.
The spectra were then split into five different spectral
regions for multivariate analysis: I (1100-1350 nm); IT
(1570-1850 nm); III (1850-2000 nm); and IV (2000-2400
nm).

Principal components analysis was performed for each
spectral region with the use of two different data sets:
(A) bulk PET spectra only, and (B) bulk and fibrous
PET spectra. Mean-centered spectra were used for all
analyses. For each PCA analysis, the number of factors
present in the NIR spectra was determined by cross-
validation.*

PLS calibrations of the yarn spectra to percent crys-
tallinity were constructed with a program provided by
the Center for Process Analytical Chemistry.>* The meth-
od of cross-validation was used to determine the optimal
number of PLS factors for each calibration. Accuracy of
PLS calibrations was expressed according to the Stan-
dard Error of Estimate (SEE) value:

SEE = ¢y
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Fic. 1. NIR diffuse reflectance spectra of bulk PET uncrystallized
(A), and crystallized at 230°C for 5 min (B). Specific NIR spectral
regions used for analysis are labeled.

where C; is the known percent crystallinity of sample i,
C, is the percent crystallinity of sample i predicted by
the PLS calibration, and NC is the number of calibration
samples. Prediction ability of PLS calibrations were ex-
pressed according to cross-validated Standard Error of
Prediction (SEP) values:

SEP =

where C;, is the percent crystallinity of sample i pre-
dicted by a PLS calibration that does not include sample
i, and NP is the number of prediction samples. Only
samples Y1, Y2, and Y4, which had intermediate crys-
tallinity values (Table I), were used as prediction samples
to determine cross-validated SEP values.

RESULTS AND DISCUSSION

Discussion of PET Spectrum, The NIR diffuse reflec-
tance spectra of bulk PET before and after crystalliza-
tion at 230°C for 5 min are shown in Fig. 1. The different
spectral regions used for analysis are labeled. As one
moves from region I to region IV, the absorptivities of
the bands increase and the spectral resolution improves.
The strong absorbances in region IV have the best spec-
tral resolution, but are highly susceptible to nonlinear
behavior. As a result, this region might not provide ac-
curate quantitative results for highly absorbing (or low-
scattering) samples.

The chemical structure of PET is shown in Fig. 2A.
All of the NIR absorbances are overtone and combination
bands of the stretching modes of aromatic C-H groups,
methylene groups, and carbonyl groups in the polymer.
Regions I, II, and IV contain second-overtone, first-over-
tone, and combination bands from aromatic C-H groups
in the terephthalic acid (TPA) part and methylene groups
in the ethylene glycol (EG) part. Region III contains the
second-overtone carbonyl stretching band and absor-
bances from moisture in the polymer.

Specific assignments of NIR bands are difficult to de-
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Fic. 2. Chemical structure of the repeat unit in PET (A), and various
conformational states: planar cis configuration of the TPA part (B),
planar trans configuration of the TPA part (C), trans conformer of the
EG part (D), gauche conformer of the EG part (E).

termine, because the absorptions from each vibrational
overtone and combination are highly overlapped. How-
ever, approximate assignments can be made from pre-
viously assigned bands in the IR and Raman spectra of
PET?¢-31 and from NIR spectra of ethylene glycol and
terephthalic acid. Frequencies of NIR overtone bands
are approximately integer multiples of IR fundamental
frequencies, and frequencies of NIR combination bands
are approximately the summation of IR fundamental
frequencies of the modes contributing to the combina-
tion. The assignments of NIR bands in the PET spectra
are listed in Table II. It should be mentioned that the
2254-nm methylene combination band for PET is at a
significantly higher frequency than the methylene com-
bination band for ethylene glycol (2285 nm). The cause
of this difference is probably the larger electron with-
drawing effect of neighboring carboxyl groups in PET
relative to neighboring hydroxyl groups in ethylene gly-
col.

Although the spectroscopic differences between un-
crystallized and crystallized PET in the NIR region (Fig.
1) are not as dramatic as in the IR region,>¢-8!! gignificant
differences are observed. In region IV, the ethylene com-
bination bands at 2254 and 2332 nm (Fig. 1A) each shift
to higher frequency (lower wavelength) with crystalli-
zation. Because the methylene bending and wagging vi-
brations are each higher for the trans conformer than
for the gauche conformer of the EG segment and because
the methylene stretching frequency is relatively unaf-
fected by crystallization,® the positive energy shifts of
these combination bands are a result of an increase in
the trans/gauche conformer ratio with crystallization. It
should also be noted that the spectrum of the crystallized
sample (Fig. 1B) has more fine structure than the spec-
trum of the uncrystallized sample (Fig. 1A) in the region
from 2300 to 2400 nm. This discrepancy is probably
caused by crystal field splitting of bands in this region.

The bands in region II, which are primarily first-over-
tone C-H aromatic and methylene stretching bands, also
change upon crystallization. These differences might be
a result of differences in inter- or intramolecular order



TABLE 1. Positions and assignments for peak maxima in spectra of PET and model compounds.

Band maxima (nm)

PET Models
Spectral

region NCe C(230C)» TPA* EGH Band assignment
1 1130 1130 1126 o 2nd overtone aromatic C-H stretch
I 1174 1174 e 1206 2nd overtone methylene stretch
II 1662 1660 1656 e 1st overtone aromatic C-H stretch overlapped with 1st over-

tone methylene stretch

11 1720 1706 1713 1st overtone methylene stretch
11 1812 1812 e (3rd overtone methylene bend)
111 1908 1906 O-H stretch and bend combination, water (Ref. 23)
111 1952 1954 e 2nd overtone C=0 stretch (Ref. 23)
v 2084 2084 2090 3rd overtone C-O stretch (Ref. 23)
v 2132 2130 2131 Combination aromatic C-H stretch and ring vibration
v 2156 2156 2155 Combination aromatic C-H stretch and ring vibration
v 2180 2180 2180 e Combination aromatic C-H stretch and ring vibration
v 2254 2252 e 2285 Combination methylene stretch and bend
v 2332 2328 2332 e Overlap of absorbances involving methylene and aromatic
v 2392 2390 e C-H groups and COO groups

* NC = uncrystallized bulk PET.

v C(230C) = bulk PET crystallized at 230°C for 5 min.
< Terephthalic acid.

4 Ethylene glycol.

for the two samples. Intermolecular order is character-
ized by the ordered chain packing present in crystalline
material, and intramolecular order depends on the con-
formational structure of individual chains. The weaker
and broader second-overtone C-H stretching bands in
region I do not appear to change with crystallization.
However, more detailed multivariate analyses can detect
small spectral shifts in this region and in other regions.

In region III, a large decrease in the 1908-nm water
band with crystallization is observed. This result indi-
cates that moisture originally present in the polymer was
removed during annealing at 230°C. A more detailed dis-
cussion of this effect will be presented later.

PLS: Crystallinity in Yarns. The results of PLS cali-
brations for crystallinity in PET fibers are shown in Ta-
ble I11. A successful crystallinity determination for PET
yarns requires the ability to distinguish between crys-
talline polymer, oriented amorphous polymer, and ran-
dom amorphous polymer. Crystalline domains are char-
acterized by specific intermolecular and intramolecular
order, whereas oriented amorphous PET is characterized
by intramolecular order. In spectroscopic terms, the vi-
brations of methylene and aromatic C-H and carbonyl
groups in the polymer (and therefore the spectrum of

TABLE III. Results of PLS calibrations for percent crystallinity in
PET yarns.

Calibration statistics
(in % crystallinity)

Spectral Calibration Prediction Number of
region  Spectral correction SEE SEP factors®
I None 4.44 5.84 2
1 Second deriv.b 2.54 3.68 2
It None 1.88 3.51 2
I Second deriv. 1.05 2.76 2
I None 3.89 5.43 1
II1 Second deriv. 2.89 3.98 1
v None 1.87 2.72 2
v Second deriv. 1.37 2.11 2

2 Determined by cross-validation.
> Second derivative.

the polymer) must be sensitive not only to intramolecular
order but also to intermolecular interactions.

The PLS cross-validation results, which indicate the
number of independent spectral factors present in the
NIR spectra of the PET yarns, are shown in the last
column of Table III. For spectral regions I, II, and IV,
the PLS calibration required the use of two factors.
Therefore, one can assume the presence of two indepen-
dent spectral variations in the PET yarn spectra. It is
quite possible that these two independent variations cor-
respond to changes in intermolecular and intramolecular
states in the polymer. It is therefore possible that the
NIR spectra in these regions contain enough information
to allow one to determine percent crystallinity in the
yarns.

For the most part, the use of second-derivative spectra
improves PLS prediction results. This improvement is
caused by removal of baseline variations and enhance-
ment of spectral resolution. NIR spectral regions II and
IV provide the best results for crystallinity determina-
tions. Because the combination bands in region IV are

NIR percent crystalilnity

=5+ T T T T T —
[4 10 20 30 10

X-ray percent crystallinity
F1c. 3. PLS calibration curve for percent crystallinity in PET yarns.

Second-derivative spectra in region II are used for the calibration.
Sample labels are listed in Table 1.
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Fic. 4. PLS regression coefficient spectrum for the percent crystal-
linity calibration that uses normal spectra in region IV.

better resolved than the overtone bands in region II, the
prediction results for region IV are the most favorable.
However, the weaker absorbances in region II are less
likely to be nonlinear as a result of stray light effects.
Therefore, region II might provide the best results for
highly absorbing (low-scattering) samples. The predic-
tion results for region I are less favorable, because the
absorptions are weak and highly overlapped. However,
this region might be optimal for analysis of thick (1-2
cm) PET films, which would produce stronger absor-
bances in this region and nonlinear absorbances in the
other regions.

It should be mentioned that the calibration and pre-
diction errors for the calibrations that use regions II and
IV are close to the estimated error of the x-ray crystal-
linity values (2-3% crystallinity). This result suggests
that the error in the x-ray crystallinity values is the lim-
iting error for these calibrations. As a result, better cal-
ibrations might be possible if a more accurate reference
crystallinity measurement is used.

The calibration curve for the PLS calibration that uses
second-derivative spectra in region II is shown in Fig. 3.
Although five different yarn samples are used to con-
struct the calibration, there are essentially three different
crystallinities represented in the calibration, because dif-
ferences in the crystallinities of the fully-drawn, 10%
underdrawn, and 20% underdrawn samples are within
the error of the x-ray crystallinity measurement. Fur-
thermore, these crystallinity values are not well distrib-
uted over the range of crystallinities. Therefore, it could
be argued that a poor design of the calibration samples,
which is not intentional but is dependent on the yarn
samples that are available, results in overfitting of the
calibrations. However, the cross-validation results, which
indicate the maximum number of PLS factors that can
be used to avoid overfitting, are very reliable. As a result,
it is probable that overfitting did not occur in the PLS
calibrations, despite the relatively poor design of the
calibration samples.

The regression coefficient spectrum for the PLS cali-
bration that uses normal spectra in region IV is shown
in Fig. 4. The first-derivative features at 2250 and 2334
nm indicate negative wavelength shifts (positive fre-
quency shifts) of the methylene combination bands with

500 Volume 44, Number 3, 1990
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Fic. 5. PLS regression coefficient spectrum for the percent crystal-
linity calibration that uses normal spectra in region IIIL

crystallization. As mentioned earlier, these shifts indi-
cate an increase in the trans/gauche conformer ratio with
increasing crystallinity. This result is expected, because
only the trans conformer is present in crystalline PET.'
The weaker features at 2148, 2162, and 2178 nm indicate
shifts or sharpening of aromatic C-H combination bands
with crystallinity. These features are probably a result
of the increased intermolecular order associated with
crystalline material.

Only one PLS factor was necessary for each calibration
that used spectral region III. Therefore, it is doubtful
that this region provides enough information to accu-
rately determine crystallinity in PET yarns. Prediction
errors are significantly greater for this spectral region
than for regions II and IV, which have comparable ab-
sorbance intensities and spectral resolution. However,
region III contains enough information to provide an
approximate crystallinity determination.

The PLS regression coefficient spectrum for the cali-
bration that uses region III is shown in Fig. 5. A positive
peak at 1952 nm is flanked by two negative side lobes at
1920 and 1970 nm. This feature suggests that an increase
in crystallinity is accompanied by a slight narrowing of
the carbonyl band at 1952 nm. This result is in agreement
with results from earlier Raman analyses of PET,® which
indicated that the half-width of the fundamental car-
bonyl stretching band decreases with increasing crystal-
linity.

PCA of PET Powder Spectra. The PCA cross-valida-
tion results for the NIR spectra of bulk PET crystallized
at different temperatures (data set A) are shown in Table
IV. These results indicate that there are two independent
spectral trends with crystallization temperature for re-
gions I, II, and IV. The presence of two independent
spectral variations in the NIR spectra indicates that two
independent structural variations of PET polymer chains
occur as a function of annealing temperature.

Detailed theoretical®® and experimental®®*” work on
polymer crystallization has provided information about
structural changes that occur with crystallization. In gen-
eral, structural changes result from crystal growth and
crystal perfection mechanisms. Crystal growth involves
the aggregation of previously amorphous polymer chains
into crystalline domains. This process is characterized



TABLEIV. Number of factors for PCA analyses, determined by cross-
validation.

Dataset A: Spectra of bulk PET crystallized at different temperatures.

Spectral Number of

region Spectral correction factors used
I None 3
I Second derivative 2
11 None 2
11 Second derivative 2
I None 1
I Second derivative 1
v None 2
v Second derivative 2

Data set B: Spectra of bulk PET crystallized at different temperatures
and spectra of PET yarns spun and drawn to different

extensions.
Spectral Number of
region Spectral correction factors used
I None 2
I Second derivative 2
II None 2
I Second derivative 2
III None 1
11 Second derivative 1
v None 2
v Second derivative 2

by an increase in intramolecular and intermolecular or-
der. Crystal perfection involves rearrangements of poly-
mer chains that eliminate defects in the crystalline do-
mains. These rearrangements might involve the formation
of chain folds at the surface of crystalline domains, dif-
fusion of internal defects from the crystalline domains,
or elimination of the tie chains that span different crys-
talline domains. Earlier results of thermal analysis of
PET™2 guggested that crystal growth occurs at 100-
245°C, but substantial rearrangements and crystal thick-
ening can occur only at crystallization temperatures above
200°C.

Both crystal growth and perfection involve major
structural changes that should be detectable by vibra-
tional spectroscopy. Indeed, IR analyses™ of crystallized
PET indicated the presence of two distinct spectral trends
with crystallization temperature. It was suggested that
a crystal growth process can occur at annealing temper-
atures below 160°C, and a rearrangement process occurs
at crystallization temperatures above 160°C. As expected,
the crystal growth mechanism involved an increase in
the trans/gauche conformer ratio. In contrast, the rear-
rangement mechanism involved a decrease in the trans/
gauche ratio for the amorphous phase.

The PCA scores and loading spectra for the analysis
that uses spectral region IV are shown in Figs. 6 and 7,
respectively. Despite the scatter between replicate sam-
ples in the PCA scores plot (Fig. 6), a distinct nonlinear
spectral trend with crystallization temperature is indi-
cated. For low crystallization temperatures (samples B0
to B4), a fairly linear decrease in the first principal com-
ponent with crystallization temperature is observed. A
curve in the trend occurs at samples B4 and B5, which
are crystallized at 170 and 190°C. The samples crystal-
lized at higher temperatures (B6 and B7) follow a dif-
ferent trend, which is a decrease in the second principal

0.06

0.05 -
004 —
003 ~
0.02 -

001 a5

BaB
8
-]

Principal Component 2

L34
88

-0.01 | :
8o
~0.02 -

—0.03 ~

t t T T T T T T T T T T
-0.05 ~0.03 -0.01 o.or1 0.03 0.05 0.07 0.09

Principal Component 1
Fic. 6. Scores plot from the principal components analysis of spectra
(in region IV) of bulk PET samples crystallized for 5 min at different
temperatures. Crystallization temperatures corresponding to different
labels are as follows: B0, uncrystallized sample; B1, 110°C; B2, 130°C;
B3, 150°C; B4, 170°C; B5, 190°C; B6, 210°C; B7, 230°C. Primes on sample
labels denote repacked samples.

component with crystallization temperature. As a result,
the scores plot indicates that two different spectral trends
with crystallization temperature occur: one that domi-
nates for crystallization temperatures below 170-190°C,
and one that dominates for higher crystallization tem-
peratures. This result is in agreement with IR and ther-
mal analyses of PET.101920 T a first approximation, the
first principal component (x-axis) is inversely related to
the low crystallization temperature trend (affecting sam-
ples BO to B5), and the second principal component (y-
axis) is inversely related to the high crystallization tem-
perature trend (which affects samples B6 and B7).

The loading spectra for the first two principal com-
ponents are shown in Fig. 7. The most prominent features
in the first principal component loading spectrum are
first-derivative features at 2256 and 2332 nm, where the
strong ethylene combination bands (Table II) are situ-
ated. These derivative features indicate negative energy
band shifts with increasing principal component score 1,
which correspond to positive energy shifts of these bands

0.2

01 4

Intensity
g
1

2000 2040 2080 2120 2160 2200 2240 2280 2320 23680 2400

——— Istloading e 2nd Loading

Fic. 7. Loadings spectra from the principal components analysis of
spectra (in region IV) of bulk PET crystallized for 5 min at different
temperatures. Solid line, first principal component loading; dotted line,
second principal component loading.
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Fic. 8. Plot of the first principal component score vs. sample number
from the principal components analysis of spectra (in region III) of bulk
PET crystallized for 5 min at different temperatures. Sample labels
are identical to those used in Fig. 6.

with crystallization temperature for low crystallization
temperatures. This result indicates that the low crystal-
lization temperature trend corresponds to an increase in
the trans/gauche conformer ratio with crystallization
temperature. As a result, the NIR spectral data support
a crystal growth mechanism for the low crystallization
temperature trend.

The first principal component loading spectrum shows
features at 2138 and 2164 nm, where aromatic C-H com-
bination bands are found. These features suggest that
aromatic C-H stretching and bending vibrations in the
terephthalic acid part of the polymer are affected by
crystal growth. Both the planar ¢is and planar trans
configurations of the carbonyl groups about the aromatic
ring in the TPA part (see Fig. 2, B and C) are possible
in amorphous material,*® but only the planar trans con-
figuration is observed in crystalline material.’> Because
the aromatic vibrations in a given TPA segment are af-
fected by the configuration of the neighboring carbonyl
groups, a change in aromatic C-H combination absor-
bances with percent crystallinity is expected. In addition,
the increase in intermolecular order associated with crys-
talline material probably perturbs the aromatic vibra-
tions.

The structural origin of the high crystallization tem-
perature trend is indicated by the second principal com-
ponent loading spectrum (in Fig. 7). The most distin-
guishing feature of the second principal component
loading spectrum is the positive band at 2250 nm. Be-
cause this band is located at the high-frequency side of
the ethylene combination band in PET (Table II), it
indicates an increase in the trans conformer in the eth-
ylene glycol unit with increasing principal component
score 2. This result translates to a decrease in the trans/
gauche ratio with crystallization temperature. This re-
sult is in agreement with results of earlier IR analyses
of crystallized PET, in which the trans conformer con-
tent in the amorphous phase was found to decrease at
crystallization temperatures above 170°C.%

There are several aspects of crystal perfection that
could explain the observed high crystallization temper-
ature trend. Earlier, it was proposed that depletion of
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Fic. 9. Loadings spectrum from the principal components analysis of
spectra (in region III) of bulk PET crystallized for 5 min at different
temperatures.

tie chains (which are polymer chains that connect crys-
talline domains) occurs at high crystallization temper-
atures.® It was also concluded that, because these tie
chains contain a disproportionately large fraction of trans
conformers in the amorphous phase, loss of them would
result in a decrease in the total number of trans con-
formers. The decrease in tenacity of PET fibers annealed
at high temperatures supports this explanation, because
tenacity of PET fibers is directly related to the number
of tie chains.?

If loss of tie chains occurs at high crystallization tem-
peratures, a gain in other structural features (which con-
tain more gauche conformers) must also occur. Sharp-
ening of the phase boundaries between crystalline and
amorphous material might cause an increase in the gauche
conformer content. The sharpening of a phase boundary
corresponds to the narrowing of the interfacial region
between amorphous and crystalline polymer, and re-
quires an increase in the number of polymer chains that
escape and re-enter the same crystallite.?® In order for a
chain to escape and re-enter the same crystallite, a turn
or fold of the chain must be present. Because a chain
fold must contain more gauche conformers than trans
conformers, it is expected that an increase in chain fold-
ing (corresponding to a sharpening of phase boundaries)
would cause an overall increase in the number of gauche
conformers.

Moisture Effect. The principal component scores for
the analysis that uses normal spectra in region III are
shown in Fig. 8. The uncrystallized samples and the sam-
ples crystallized at 110°C (samples BO and B1) fall into
tightly bound clusters. However, the scores for the sam-
ples crystallized at 130°C and at higher temperatures
indicate a significant repacking effect. For sample B5,
which is crystallized at 170°C, the effect is not large. In
all other cases, the effect is characterized by a decrease
in the first principal component score as a result of re-
packing the sample. The trend with crystallization tem-
perature, which is obscured by the repack effect, is an
increase in the first principal component score.

The first principal component loading spectrum for
region III is shown in Fig. 9. The minimum at 1910 nm
indicates that the first principal component corresponds
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Fic. 10. Plot of the second principal component score vs. the first
principal component score, from the principal components analysis of
spectra (in region II) of both fibrous PET drawn to different extensions
and bulk PET crystallized for 5 min at different temperatures. Sample
labels are identical to those used in Fig. 6 and Table I. Average principal
component scores values for replicate samples are used for clarity.

to a decrease in the absorbance of the water band. Be-
cause the repack effect involves a decrease in the first
principal component score, it correlates to an increase
in the moisture content. Apparently, moisture originally
present in the uncrystallized bulk PET is removed during
crystallization at temperatures above 110°C. Subsequent
exposure of the samples to the atmosphere before orig-
inal sampling and during the repack procedure allowed
the samples to absorb moisture from the air.

The sample vials used to contain the samples after
crystallization and before NIR analysis and the reflec-
tance sampling cup protected the samples from atmo-
spheric moisture. However, the samples were exposed to
the atmosphere during the transfer from sampling vial
to sampling cup and during the repack procedure. The
PCA results indicate that the samples absorb moisture
from the atmosphere during the repack procedure. The
anomalous behavior of sample B5 (Fig. 8) might be caused
by a leaky sample vial, which allowed the sample to ab-
sorb a significant amount of atmospheric moisture before
NIR analysis.

There are two important implications of the observed
moisture effect. The presence of water in the amorphous
polymer might cause hydrolysis of the polymer during
crystallization.! However, the absorptivity of the 1908-
nm water band is approximately 25 times the absorptiv-
ity of the 1952-nm carbonyl band,* and the intensities
of these two bands in the spectrum of the amorphous
PET (Fig. 1A) are comparable. Therefore, the amount
of water in the amorphous polymer is rather small, and
it is expected that only a small amount of hydrolysis
occurred in the crystallized samples. In addition, regions
I II, and IV are dominated by CH bands, and are there-
fore insensitive to the small amount of hydrolysis that
might occur upon crystallization.

The second implication of the moisture effect is the
ability of NIR spectroscopy to determine moisture in
PET. The moisture content of the amorphous polymer
before processing is a very important control variable in
many applications. Water in the pre-processed polymer
might cause hydrolysis of the polymer during high-tem-

Intensity

1662

1870 1610 1650 1660 1730 w7 140 1850

Waevelength (nm)

—— Ist Loading e 20d LoadINg

Fic. 11. Loadings spectra from the principal components analysis of
spectra (in region II) of both fibrous PET drawn to different extensions
and bulk PET crystallized at different temperatures. Solid line, first
principal component loading; dotted line, second principal component
loading.

perature processing, which decreases the average molec-
ular weight and therefore degrades the quality of the
processed material.!

PCA of Powder and Fiber Spectra. The ability of NIR
spectroscopy to discriminate between orientation and
crystallinity in PET is demonstrated by principal com-
ponents analysis of a data set comprised of both fibrous
and bulk PET spectra. For analyses that use regions I,
II, and IV, the optimal number of PCA factors is two
(Table IV). Because the PCA analyses of bulk PET spec-
tra alone also indicated the presence of two factors, it
can be concluded that the same spectral trends in these
regions used to describe variations in the bulk PET spec-
tra can also be used to distinguish between fibrous and
bulk PET spectra.

The scores and loading spectra for PCA analysis of
normal spectra in region II are shown in Figs. 10 and 11,
respectively. The first principal component score is in-
versely related to the draw ratio of the yarns, and dis-
criminates between bulk and fibrous PET samples. As a
result, the first principal component is inversely related
to chain orientation in the polymer. The second principal
component score is inversely related to crystallinity of
the PET yarns and inversely related to the low crystal-
lization temperature trend for bulk PET samples. These
results indicate that the second principal component is
inversely related to crystallinity.

Note that the high crystallization temperature trend
for the bulk PET samples, which involves samples B6
and B7 (Fig. 10), corresponds to an increase in the first
principal component score with increasing crystallization
temperature. This result suggests that a structural trend
involving decreased orientation can be used to describe
the high crystallization temperature trend for crystal-
lized bulk PET. This structural trend is most likely a
decrease in the trans/gauche conformer ratio, which is
consistent with results discussed earlier and with results
of past IR analyses of PET.®

The principal component loading spectra are shown
in Fig. 11. Because the spectral resolution in region II is
significantly lower than in region IV, detailed structural
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information is difficult to obtain from the loading spec-
tra. However, the two loading spectra show striking dif-
ferences. The first loading, which describes spectral vari-
ation inversely related to orientation, is very featureless.
The negative peak at 1662 nm is at the same position as
the peak assigned to the first overtone aromatic C-H
stretch (Table IT), and might indicate a sharpening of
this band with increased orientation. However, it is prob-
able that a large overlap of methylene and aromatic C-H
absorbances is present in this region. Therefore, it is
quite possible that a change in the trans/gauche con-
former ratio is also indicated in this loading spectrum.
The second principal component loading spectrum, which
indicates spectral changes inversely related to crystallin-
ity, is very different from the first principal component
loading spectrum. This loading spectrum indicates the
sharpening or shifting of absorbances in this region, which
is indicative of an increase in intramolecular and inter-
molecular order caused by crystallization.

CONCLUSION

This study has shown that NIR spectroscopy can be
used to perform rapid and accurate analyses of fibrous
and bulk PET for various processing applications. Re-
sults of PLS calibrations for percent crystallinity in PET
fibers and PCA analyses of spectra of fibrous and bulk
PET indicate that NIR spectroscopy can characterize
both intramolecular and intermolecular effects, and thus
distinguish between crystallinity and orientation. Al-
though other analytical methods are better suited for
detailed structural investigations, this work has shown
that NIR spectroscopy is sensitive to the structural fea-
tures in PET that influence the physical properties and
quality of PET products.
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