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ABSTRACT: Polarization modulation infrared linear dichroism (PM-IRLD) and ultrarapid-scanning Fourier
transform infrared spectroscopy (URS-FTIR) have been used to characterize the evolution of molecular orientation
and microstructure during and following the step deformation of amorphous poly(ethylene terephthalate) (PET)
above and below its glass transition temperature. The combined use of these techniques allowed a high sensitivity
and an unprecedented 10 ms time resolution for the characterization of irreversible polymer deformation using
infrared spectroscopy. PM-IRLD results show that the 1410'dvand of PET, often used as a thickness standard,
presents a significant dichroism even at low draw ratios. Using this band, the relaxation kinetics of the phenyl
ring was directly shown, for the first time, to be similar to that of the glycol group in amorphous PET. These
results suggest that the relaxation proceeds mainly via cooperative motions involving at least one repeat unit and
not only through rotations around the flexible €HCH, and CH—0O bonds. The real-time study of the cold
drawing of glassy amorphous PET by URS-FTIR showed that a large gauche-to-trans conversion1(&%m

to 60% of trans conformers) of the glycol groups occurs during the neck propagation. These trans conformers
possess a very large and stable molecular orientation. Nevertheless, spectral analysis revealed that the
“mesomorphic” phase, rather than the truly (all-trans) crystalline structure, is produced during cold drawing of
PET at room temperature.

Introduction modulation infrared linear dichroism (PM-IRLB) and ul-
trarapid-scanning Fourier transform infrared spectroscopy (URS-
FTIR):" have significantly enhanced the sensitivity and time
resolution of infrared spectroscopy for the study of molecular

Infrared spectroscopy is widely used to characterize the
structure-properties relationships in natural and synthetic
polymerst One of the most important structural parameters _ . :

. ; ) . orientation.
controlling the macroscopic properties of materials, such as

spider silk and high-modulus polymeric fibers, is their degree T’M'IR_LD LIJSGS ? hph_ot?elaztic dr_no_dulz?tor to rc?ltalte the
of molecular orientation. Conventional infrared linear dichroism Polarization plane of the infrared radiation from parallel (p) to

(IRLD) has been used for many years to probe the static Perpendicular (s) to the draw direction at a frequency-800

molecular orientation in samples quenched below their glass kHz. Using dual-channel acquisition electronics, this technique

transition temperaturélg) or in situ during slow deformatior?ss allows the direct measurement of the dichroic difference, thus

The main advantage of IRLD over other characterization 0Wing @ much improved sensitivity as compared to conven-

techniques, such as birefringence and wide-angle X-ray dif- tional IRLD 2?9 in addition to a time resolution as good as 400
) 10,11 - i i

fraction, is that it can often be used to probe the orientation of ms. URS-FTIR is a recently developed technique that uses

multiple species or phases simultaneously. Indeed, its use ha%_f\f/vedged _fOtﬁ““_g d'fSk mwrcgi?tlcz) E|)ntroducehthe (_)pt|ca| pa(;h
often revealed distinct orientation behavior for the different difference in the interierometer.”Because there is no need
components and phases in semicrystalline polymers, polymerto acgelerate and decelerate a reciprocating moving m|rror,.th|s
blends, and block copolymers, thus enabling a better under-teChn'q_ue allows a greatly enhan(_:ed duty cycle and time
standing of their propertieist resolution as compared to conventional FTIR spectrometers.

. . .__Indeed, a time resolution of 5 ms per spectrum has been recently
Recently, more attention has been paid toward the real-time

- . ) . . . demonstrated for gas adsorption studfes.
determination of orientation during rapid deformations and the g P

direct determination of the relaxation kinetics following stretch- ¢ Int tzlst\r/]vork, vlvet.hav? us?d b?th P.M'LRtlTD ano(lj URS'F:[HR
ing. With a time resolution of the order of several seconds, 0 study the evolution of molecular orientation and microstruc-

conventional IRLD is too slow to perform such time-resolved ?fre du;lng and rl:ollowmgl thethlrrleverstlble dhetl;lorlmtatlonp(g_lfhln
experiments at deformation and relaxation rates relevant to |tr)ns 'to amorpnous po ly(e y%r:e erelgll_t.aae()j I'( i t'), a
processes such as industrial film blowing or spider silk spinning. ubiquitous engineering polymer. The possibiities and imitations

However, technical developments in the past few years haveOf these techniques for such studies will be contrasted.
significantly improved the time resolution of infrared spectro- . .
. ) o . . Experimental Section

scopy for orientation characterization. In particular, polarization
PET films of 7um thickness were prepared by blow molding
and generously provided by Dr. K. C. Cole of the Industrial

Universitede Montrel. Materials Institute of the National Research Council of Canada.

¥ UniversiteLaval.

s University of Idaho. Differential scanning calorimetry characterization indicated that the
* Corresponding author: Tel (514) 340-5762; Fax (514) 340-5290; e-mail Samples were amorphous. Strips Qf 20 mré6 mm were deform?d
c.pellerin@umontreal.ca. at room temperature and at 90 using a custom-built mechanical
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methylene groups in a trans conformation, while those in the
gauche conformation appear much less oriented, in agreement
with published result§-11.1517

In contrast with the 1340 and 1370 chbands, the 1410
cm! band has usually been considered to be insensitive to
orientation and conformation and has thus often been used as a
thickness standard for studies of PET and other polyektets.

The difference spectra of Figure 1 nevertheless clearly indicate
a significant positive dichroism for this band. The orientation
function calculated for the 1410 crhband is about 10% of
that for the band at 1340 crh Although this value appears

B modest, the use of the 1410 chband as a thickness standard
Wavenumber (cm”) can nevertheless introduce a significant error if the orientation

Figure 1. (top) Infrared spectrum of an undeformed amorphous PET of the sample is not taken into account. For example, in the

film and (bottom) dichroic difference spectra recorded immediately (0 ~55e of a PET film with[P,(cos 0)00= 0.9 for the trans

3’92050’(:7.0 s, and 2000 s following a deformation to a draw ratio of 1.5 conformers, the thickness would be overestimated by about 5%

using an unpolarized spectrum and by as much as 18% for a
stretcher fitted with ZnSe windows to allow in-situ recording of p-polarized spectrum.

the infrared spectra. The draw ratios for the high- and low-  Thjs problem can be overcome by using a structural absor-
;ergﬁglrrz]itutge d:?cﬂ%g];gzt?mvéirgﬁliég ai%igd% nZESP:SCtg’gl.yélcorre'bance spectrum to determine the sample thickness rather than
ponding lonti feSpectively. — o single polarized or unpolarized spectrum. Calculation of a

While the deformation abovd@y was homogeneous, the room tructural absorb t : knowled f th
temperature stretching was highly inhomogeneous and led to a tryeStructural absorbance spectrum requires knowlecge o e

draw ratio of~3.8 in the necked section of the sample. absorbance_along the three_principal axes of the sample, W_hich
PM-IRLD difference spectra with a spectral resolution of 8ém  €an be obtained by measuring a polarized spectrum at oblique
were acquired using a Bomem Michelson MB-100 FTIR spec- incidence in addition to polarized spectra at normal incidénce.
trometer equipped with a photovoltaic MCT detector (Kolmar If the sample presents uniaxial (fiber) symmetry, the absorbance
Technologies). The optical setup and the two-channel acquisition along the two axes orthogonal to the drawing direction can be
electronics required for performing PM-IRLD experiments were assumed to be identical, so that only polarized spectra measured
described in detail elsewhefe.URS-FTIR measurements were gt normal incidence are needed. While this is easily done for
performed with a spectral resolution of 6 ch using the static measurements, it should be noted that this procedure is

spectrometer designed by Manning Applied Technoleg?. : I . . . .
The orientation functiorP,(cos6)r) was calculated from either more challenging for time-resolved studies since the dichroic

the dichroic ratio R = AJAJ) o the dichroic differenceA = A, difference is measured directly in a PM-IRLD experiment.
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— A) for the URS-FTIR and PM-IRLD experiments, respectively, In addition to an increased sensitivity as compared to
using conventional infrared linear dichroism, PM-IRLD provides a

much faster time resolution for dynamic studies. Indeed, the

[P,(cos6) = 2 R-1_ 2 ﬁﬁ 1) d_|chr0|c difference spectra of Elgure .l.vyere recorded from a
3coda—1R+2 3coda—13A, single scan of 400 ms. This rapid acquisition enables PM-IRLD

to follow in real-time the relaxation dynamics of deformed
whereA, andAs are the absorbances measured with the radiation polymers, as was demonstrated for PEP and other ho-
polarized parallel and perpendicular to the stretching direction, mopolymers2! for polymer blends;?2 and for copolymer8.
respectivelya is the angle between the transition moment of the The value of such time resolution is obvious when comparing
vibration and the main chain axis of the polymer, drid the draw the Spectra recorded at times @dhs inFigure 1. As much as

ratio. The abso_rbance_of the i_sotropic sample prior to deformation, 4004 of the segmental orientation is lost within the first 10 s
Ay, was determined using a Nicolet Magna 550 FTIR spectrometer. following the end of the deformation

Both this instrument and a Bruker Vertex 70 FTIR spectrometer . . ) o
were used to record static polarized and unpolarized spectra of the Although their absolute orientation values are quite different,
samples. For the URS-FTIR experiments, two separate samplesthe relaxation of orientation for the gauche and trans conformers

were deformed in order to record successively the p and s time- follows very similar kinetics (not shown), as first observed by

resolved spectra. Duchesne et dF Since the anglet is not known for the 1410
. . cm! band, it is not possible to determine the valugRf{cos
Results and Discussion #)Ofrom this band. It is nevertheless possible to compare the
Polarization Modulation Infrared Linear Dichroism. relaxation kinetics of the transition dipole associated with this

Figure 1 shows three PM-IRLD spectra, recorded immediately band with that of the trans conformers by normalizing the
at the end of the deformation (0 s) and after 2 s, 70 s, and 2000orientation function to a value of 1 at the end of the deformation
s of relaxation at constant strain, in addition to a standard process (i.e., at time= 0 s in the relaxation period). Figure 2
infrared spectrum of the bulk sample. The baseline of the latter shows that similar curves are obtained for the 1410 and 1340
spectrum was raised and the absorbance scale was reduced bym~! bands at short relaxation times. To our knowledge, this is
a factor 10 for clarity. The bands at 1340 and 1370 tiare the first time that the relaxation dynamics of the phenyl ring of
assigned to the wagging vibrations of the glycol Q}oups in PET have been observed directly and independently. It can be
the trans and gauche conformations, respectively, while the 1410observed that the relaxation curves begin to diverge for
cm! band has been assigned to an in-plane deformation of therelaxation times longer than 1000 s. The phenomenon appears
phenyl ring®® A positive dichroism can be observed for all three to be reproducible from sample to sample, but it should be
bands, but their relative intensity in the dichroic spectra is quite acknowledged that the dichroic difference in this part of the
different from that in the spectrum of the bulk PET film. A relaxation curve is quite weak, ca. 0.015 AU, which makes the
larger relative orientation is found for the band due to the measurement sensitive to systematic errors such as a drébkr)
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Figure 2. Orientation relaxation dynamics of the trans conformers Figure 3. p-polarized infrared spectra recorded before and after necking
(1340 cn1l) and of the phenyl rings (1410 c) of amorphous PET during the room temperature cold drawing of PET. The spectra were

following a deformation to a draw ratio of 1.5 at 9G. recorded wih a 5 msacquisition time.

the baseline. The results of Figure 2 strongly suggest that, at 04

least for the first 1000 s, the phenyl rings of the terephthalate A 1410 em™

moiety relax with similar kinetics as the methylene groups in 1 e 1340cm’

amorphous PET. 03 1 ° 1370cm’
As noted above, Duchesne et al. have shown that the 8

relaxation of the gauche and trans conformers follow the same 8 oo

kinetics1C It has also been noted, in a previous paper, that the 9

3336 cnt! band (combination of the carbonyl stretch with the E

vgp phenyl deformation) and the overtone of the carbonyl 0.1 ———

stretching vibration (3433 cm) both behave as the 1340 cin

band?° The new results reported are in line with these reports 0.0 L , . ; : )

and further justify the agreement observed by Oultache et al. " 200 400 600 800 1000 1200 1400

between the relaxation curves obtained using PM-IRLD and Time (ms)

time-resolved birefringenc8.Taken together, these observations 12

suggest that the relaxation of amorphous PET proceeds mainly ~ 1B

via a cooperative process involving at least one repeat unit and 1.0 1

not solely through rotations around the more flexible ,€H 5 P 5%%;0

CH, and CH—O links. To further investigate this hypothesis, T 0817 %&3@@%

studies will be performed on polyesters containing a different "; 06 | &

number of methylene groups, such as poly(propylene tereph- E Total y

thalate) and poly(butylene terephthalate). € o04i o ?;‘:fshe FEX @%&ao %
Ultrarapid-Scanning Fourier Transform Infrared Spec- 3

troscopy. We have recently demonstrated that URS-FTIR 0.2 1

spectroscopy can be used to follow both the deformation and 0.0 - . . . . ‘ ‘

the early part of the orientation relaxation of stretched polymers " 200 400 600 800 1000 1200 1400

with a time resolution of 40 ms, corresponding to an improve- Time (ms)

ment of an orde_r O.f magnitude over previous orientation Figure 4. Evolution of (A) the structural absorbance of the 1410, 1370,
measurements using infrared SpeCtrOSdém'th's work, URS- and 1340 cm! bands and (B) the fraction of gauche and trans
FTIR has been used to follow the rapi¢Z.2 cm/s) cold-  conformers, for a PET sample deformed at room temperature.
drawing of amorphous PET samples at room temperature, well

into the glassy state. Under such conditions, the deformation The spectral changes observed in Figure 3 are due to the
was highly inhomogeneous and proceeded via neck formationcombined effects of sample thinning, molecular orientation, and
and propagation. Figure 3 shows infrared spectra recorded in 5conformational changes. To isolate the effect of the conforma-
ms with p-polarized light before and after the elongation of the tional changes from that of molecular orientation, the structural
sample. Very important differences can be observed betweenabsorbance spectra have been calculatethas (At 2A5)/3,

the two spectra. As expected, the 1410 éfand is weaker in assuming uniaxial symmetry. Figure 4A shows the evolution
the deformed sample because the thickness of the film decreasesf the structural absorbance for the 1410, 1370, and 134G cm
markedly during stretching and its absorbance in the p-polarized bands during drawing with a 10 ms time resolution. It can be
spectra increases only modestly due to its weak orientation. Inobserved that the absorbance of all the bands remains constant
contrast, the band assigned to the gauche conformers at 137@p to ~650 ms into the deformation. This does not mean that
cm~1 becomes very weak, while that due to the trans conformers necking has not formed during this time, as it may be
at 1340 cm! becomes much more intense as deformation propagating outside the sample section probed by the infrared
proceeds. Some unexpected shoulders or dips appear in theadiation. However, the result indicates that, in contrast with
spectra of Figure 3 around 1346, 1360, and 1375dmecause the homogeneous deformation abdg the sample thickness

of an imperfect background correction of the water vapor bands does not decrease and that no conformational changes are taking
(the URS-FTIR spectrometer was not purged). These artifactsplace in the sample outside of the neck during the room
influence the band areas but only have a small influence on temperature deformation of PET. During the following 200 ms,
time evolution of the band height considered throughout the the necking front crossed the optical path of the infrared
rest of this paper. radiation and resulted in an important decrease of the absorl&aBQ}e
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1.0 ﬂ.m conformers by either URS-FTIR or conventional IRLD, while
N * the 1410 cm! band showed a positive orientation, as expected
038 1 3 from the above, with a dichroic ratio of 1.2. No significant
A N orientation could be measured for either band outside of the
2 06 :' necked region.
3& : The orientation function for the trans segments, 0.95, is much
¢ 041 . higher than that predicted by the affine model of polymer
: deformatior??” Indeed, considering that the real draw ratio is
021 . . Kol 3.8 in the necked part of the sample, the affine model predicts
00 M\,‘.‘.‘."-',"' a[P,(cosh)value of around 0.2. Since this model was designed

to describe the orientation of elastomers in the rubbery state, it
is not very surprising to find such discrepancy in the case of
the cold drawing of PET, which is in the glassy state at room
Figure 5. Evolution of the orientation function for the trans conformers temperature. The pseudo-affine deformation médeijch often
during the room temperature cold drawing of PET. yields better predictions for semicrystalline or glassy polymers,
predicts dP,(cosh)value of 0.73, still below the experimental
result. However, it may be more relevant to compare the overall
orientation in the sample, as would be observed using birefrin-

200 400 600 800 1000 1200 1400
Time (ms)

of the 1410 cm?! band because of sample thinning in the neck.
This is accompanied by the almost complete loss of the gauche

band at 1370 cmt and by a significant increase of the trans gence rather than the sole orientation of the trans conformers.

band at 1340 crf. The absorbance increase for the band Considering that 40% of the sample exists as unoriented gauche

a]Etrtlﬁu:efd totrt]he transhconforfmers IS sl;maller th?E‘)n,[thhebOle:]l:reasecom‘ormers (see Figure 4B), we can estimate the overall
of that for the gauche conformers because bo ands ar€,entation function to 0.57, well within the limiting cases of

simultaneously affected by sample thinning. the affine and pseudo-affine models

In Figure 4B, the actual fraction of gauche and trans Th its of Fi 4 and 5 clearly sh h
conformers in the sample are plotted as a function of time. These | "€ results of Figures 4 and 5 clearly show a gauche-to-trans
rearrangement and the development of a very large orientation

fractions were calculated using the procedure described by .
Guarremont et al® This procedure requires the use of the 1410 UPON stretching of amorphous PET at room temperature. Both

cm-band as a standard because the film thickness is different@PPear to be irreversible, since the intensity of the bands in
for every spectrum during the deformation, and its evolution F'Q_Ufe 4A, t_he C_°”f9fmef fracuon_s in Figure 4B, and the orien-
during necking is not known a priori. As demonstrated above tation function in Figure 5 remain more or less constant fol-
using PM-IRLD, this band is influenced by the orientation of lowing the end of the deformation, in sharp contrast with the

the sample. However, the use of structural absorbance spectr%e""‘xation of orier_1tation observed when_ defo_r mation is_ per-
in the calculations allowed removing the orientation effect 'ormed abovelg (Figure 2). Actually, no orientation relaxation

(assuming uniaxial symmetry). Figure 4B shows that the film could be observed even several months after the initial experi-
initially contained about 15% of trans conformers, in good ment. At first sight, these different observations could be point-

agreement with published values for amorphous FET24 ing toward a stress-induced crystallization of the sample. Indeed,
Upon necking, the trans-to-gauche ratio changes drastica”ypostdeformatlon measurements have shown that the effective

within a short period of time, with-60% of trans conformers  draw ratio in the necked region is about 3.8, in agreement with
present in the fully necked sample. It should be emphasized "6POrts indicating that stress-induced crystallization of PET
that the calculated values are not strictly quantitative because_cl’_cigig 22['3\10\’6 ahd:aw rat||o of 2.5 when it ;s rc\iefprpeddal()jove
(1) it is assumed that the necking formation was identical in To~ '~ Nevertheless, close inspection of the infrared data
two independent deformations performed with p- and s-polarized reveals significant differences between the spectrum of this cold-
light and (2) since the necking did not occur at the exact same dr@Wn PET film and that of a heat-crystallized sample.

time for the two deformations, the time axis had to be shifted ~ Cole et al. have used principal components analysis (PCA)
for the series of spectra. to reveal the existence of three contributing structures in the

In addition to the gauche-to-trans conformational changes, infrared spectra of PET, the so-called G, TX, and TC arrange-
necking also introduces molecular orientation in the sample. mentst*2The G structure was ascribed to the gauche confor-
Figure 5 shows the orientation function calculated using eq 1 Mation of the glycol group and disordered terephthalate groups.
for the trans conformers during and following deformation. The In contrast, the TX and TC arrangements would both be due to
angleo was assumed to be 18r these calculation® It can long sequences of repeat units possessing a trans conformation
be observed in Figure 5 that the original sample was somewhatof the glycol group, with disordered and ordered terephthalate
anisotropic due to the blow-molding process used to prepare groups, respectively. In the TC structure, the PET chains are in
the film. When necking crossed the optical path, a very large @ linear, planar, all-trans conformation that favors crystalline
orientation rapidly developed along the stretching direction. In Packing. The G, TC, and TX structures have important
fact, the orientation function reaches a value of 0.95, very close contributions in the amorphous, the crystalline, and the so-called
to the value of 1 that can be expected for a perfectly oriented “mesomorphic” (also referred to as “oriented amorphous”)
sample! Conventional IRLD measurements performed after the Phases of PET, respectively?
deformation confirmed quantitatively this orientation function. Figure 6 compares the spectra recorded for the undeformed
It can be noted that an angle of°2das very often been used to  and necked portions of the drawn sample with those extracted
calculate the orientation of the 1340 cinband!0.16-18.20.26 from PCA analysis for the G, TX, and TC structures. In both
However, this angle yielded values for the orientation function the high- and low-frequency regions, clear spectral differences
that were larger than unity in this experiment, indicating that (changes in band position and width) can be observed between
18 is a better approximation. the G, TX, and TC spectra. As expected, the crystalline TC

In contrast with the results obtained for the trans conformers, spectrum possesses narrower bands. Qualitative comparison
no significant orientation was discernible for the gauche reveals that the experimental spectrum obtained for the ue%ev
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A Conclusion

M Polarizatic_m modul_ation infr_ared linear diphroism (PM-IRLD)

| and ultrarapid-scanning Fourier transform infrared (URS-FTIR)
spectroscopy have been used to follow the orientation develop-
ment and conformational changes during the deformation and
relaxation of orientation of amorphous PET. PM-IRLD has
allowed following the orientation relaxation of the gauche and
TC trans conformers with a 400 ms time resolution. Results have
revealed that the 1410 cthband due to the phenyl rings of
PET does show a significant dichroism, which relaxes with
similar kinetics as that of the glycol segments. The recently
developed URS-FTIR technique has allowed the deformation
of a cold-drawn amorphous PET sample to be followed with a

B 10 ms time resolution. Results have shown that necking of the
Wavenumber (cm”) sample generates a large conversion of the gauche segments to
the trans conformation and that these trans conformers develop
a very large and stable orientation. Spectral analysis suggests
that the amorphous sample is converted into the mesomorphic
and not into the truly crystalline phase.

A fundamental difference between PM-IRLD and URS-FTIR
is that the former technique measures the dichroic difference
directly, while the latter technique can only measure spectra
with a single polarization at a time. For this reason, PM-IRLD
is more sensitive to low dichroism and is less affected by sample
variations and instrumental drifts than conventional IRLD and
> URS-FTIR measurements. It is thus the tool of choice for studies
of molecular orientation when its time resolution is sufficient.

. : In contrast, URS-FTIR possesses a much better time resolution
1000 900 that could, in principle, attain 1 ms per spectrum. It is also more
flexible, allowing, for instance, conformational changes to be
followed in real time. The two techniques can thus be used as
complementary tools in the study of polymer deformations.
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Figure 6. Comparison of the experimental infrared spectra, recorded
for the necked and undeformed parts of a cold-drawn PET sample,
with the G, TX, and TC basis spectra obtained from principal
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