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Abstract

Conformational conversion and molecular dynamics of the amorphous poly(ethylene terephthalate) (PET) annealég vabi@e
investigated by*C high-resolution solid-state NMR and differential scanning calorimetry (DSC). Rapid increase in theaR&dontent
and crystallinity were observed near the onset crystallization temperatdr20{C). By comparing both changes in conformation and
crystallinity during thermal annealing, we found that trens conformer increases continuously while the degree of crystallinity levels off
during the later stage of annealing. Th&spin—lattice relaxation time in the rotating franﬁq;) correlates linearly with PET crystallinity
but less well with therans content. A three-domain model containing crystalline edhs), constrained noncrystallingréns rich) and
amorphousdaucherich) phases satisfactorily explains the relationship among the PET conformation, crystallinity and annealing conditions.
This study complements the prior study of molecular motionTﬁ,yand illustrates the importance of ttrans conformer to induce PET
crystallization.© 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction crystalline, constraint non-crystalline and amorphous
domains with distinct difference in mobility are observed.

Structure and property changes in poly(ethylene However, the structure of the intermediate non-crystalline
terephthalate) (PET) caused by annealing have been widelyregion is not clear. Schaefer et al. [7] showed that annealing
studied. Neighboring aryl group in PET exhibits both below T, reduces the mid-kilohertz rotational segmental
gaucheandtrans conformers. It is widely observed [1-6] motions of the methylene groups in PET deduced from
that the conformation is a function of both temperature and carbon-13 rotating-frame relaxation tirﬂézp. In general,
annealing time which affect both the molecular dynamics as the trans conformer is the major component in the crystal-
well as the crystallinity. Le Bourvellec et al. [1] reported lization phase while thegauche conformer is present
that the kinetic of PET crystallization is controlled by the primarily in the chain folds and the amorphous phase as
initial orientation and the annealing temperature. Galli et al. the chain ends or ties molecules. Crystallinity of a polymer
[2] revealed by means of infrared spectroscopy and differ- is a sensitive function of both crystallization temperature
ential scanning calorimetry that PET chain segments of and annealing time. In a recent study [8], it was found
trans conformer begin to crystallize even below iTs. that the conformation in the crystalline PET is totally
Koenig et al. [3] reported that the relative conformer trans but only 14% -5%)transappears in the amorphous
composition for PET crystallized from dilute dimethyl PET. Additionally, the averaggauchetorsion angle of 70
phthalate solution is a function of temperature. They also (+9°) was identified [8]. Despite a large number of investi-
reported that the amorphous PET film hassamscontent of gations, the relationship among PET conformation, crystal-
14%. Havens and Van der Hart et al. [4] showed by multiple linity and molecular motions is not completely understood.
pulse dipolar decoupling techniques that three domains; Present paper will focus on the change of PEans-

gaucheratio, the motions in different domains and the crys-
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105°C for 48 h before melt processing to avoid possible
degradation caused by moisture. The amorphous PET was
prepared by melting the dried PET pellets in a Brabender
and quenched immediately in liquid nitrogen. Then, these
amorphous PET samples were annealed in a vacuum oven at
100°C for various time intervals (from 20 min to 24 h).
Samples were also annealed at different temperatures at a
fixed time of 60 min.

Annealing temperature: 100°C

Annealing time:

(e) 80min

2.2. Differential scanning calorimetry experiments

Endo =>

DSC measurements were carried out in a Perkin—Elmer
DSC-7 calorimetry. Samples were heated from 30 t°G00
with a heating rate of IC/min under a nitrogen atmo-
sphere.

2.3. High-resolution solid-state NMR studies

1 " 1 Fa—| 2 1 1 1

40 80 120 160 200 240 280 High-resolution solid-staté’C NMR experiments were

carried out on a Bruker DSX-300 spectrometer operating

?t resonance frequencies of 300.13 and 75.475 MHz for

Fig. 1. DSC scans of PET samples annealed at@@0r various times: H and 13C’ reSpeCtlver'l.SC CP/MA.S NMR SpeCtra.Were

(a) 0 (quenched PET): (b) 20; (c) 40 (d) 60; (€) 80 min. measured by the following conditions: 9@ulse width,
3.9us; pulse delay time, 3 s; acquisition time, 30 ms. All
NMR spectra were recorded with broad band proton decou-

determine polymer chain conformation and to address pling (, = 64 kHz), and a conventional cross-polarization

issues re_lat%d to polymer dynamics [9-17]. In this study, pylse sequence. The magic-angle sample spinning (MAS)
we combine“C CP/MAS NMR and DSC measurements to  rate of 4 kHz was used to avoid overlapping resonance lines.

investigate the relationships among conformation, dynamics proton spin—lattice relaxation times in the rotating frame
and crystallization behaviors in PET. Unlike previdisor  (TH) were measured indirectly via carbon observation
Crelaxatllg)n studies, we have used T observed indir- - with a spin lock pulse prior to cross-polarization. Data
ectly from~C to characterize the molecular dynamics. The acquisitions were performed with'H  decoupling
obtained quantity represents the averaged ensemble of g, — 64 kHz), using spin-lock times ranging from 0.2 to
domain within 50 Awhich is larger than that fron’Tﬁ, 12 ms. The contact time was 1.5 ms.
(<10 A)’. This appears to be a suitable choice for study
the dynamics in different PET domains.

Temperature ("C)

3. Results and discussion
2. Experimental 3.1. Differential scanning calorimetry analyses

2.1. Sample preparation DSC heating scanning thermographs of the PET after
annealing at 10 for various time are shown in Fig. 1,
The PET used in this study is a commercial product with and the results are summarized in Table 1. It is evident that
I.V.=1.0 obtained from the Shinkong Synthetic Fibers there is a distinct glass transition temperatufg),(an
Corporation of Taiwan. PET was dried in vacuum at exothermic recrystallization peaKd, and an endothermic

Table 1
DSC data of PET annealing at T@for various times

Annealing time (min) Crystallization Melting Difference Crystallinity

T, (°C) Onset{C) T.(°C) AT.(°C) AH.(J/g) Onset®C) T,(°C) AT, (°C) AH;(J/g) AH;— AH; (J/g) W (%)

0* 73.6 122.7 133.2 40.6 31.01 225.2 252.3 375 36.04 5.03 4.2
20 74.4 119.1 128.9 40.8 28.68 225.7 2531 384 35.66 6.98 5.8
40 75.6 115.0 128.5 45.2 26.14 226.8 252.3 35.9 35.23 9.09 7.6
60 75.7 106.9 128.1 544 21.94 226.9 2528 36.3 36.84 14.90 12.4
80 76.5 105.5 128.6 56.1 12.96 223.9 253.0 404 38.75 25.79 21.5

2 Annealing time 0 min is the quenched PET.
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Fig. 2. ®C CP/MAS NMR spectra of PET: (a) quenched; (b) annealed at

120°C for 60 min. Asterisks denote spinning sidebands.

(a) quenched (d) 120°C 60 min
trans: 8.1% trans: 70.7%
(b) 100°C 60 min (e) 160°C 60 min
trans: 25.3% trans: 73.3%

0 (f)200°C 60 min
(©) 100°C 24hr 200060

trans: 51.9%
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melting peak {,,) in all of these heating scans. The exother-
mic peak corresponds to the crystallization of amorphous
regions. The observed glass transition temperature increases
slightly with annealing time. In addition, the onset tempera-
ture of the recrystallization is reduced with annealing time,
and the quenched (amorphous) PET has the highest recrys-
tallization temperature. This earlier recrystallization
phenomenon of the annealed PET can be interpreted as
the result of a nucleation effect for the partially crystallized
PET after annealing. Annealing above glass transition
temperature Ty) induces the segmental mobility of PET,
and reduces the free energy barrier for nuclei formation
which is able to accelerate the rate of recrystallization.
The recrystallization peak widthsAT,) for the annealed
PET samples are broader than that of the quenched PET,
and increase with increasing annealing time. As would be
expected, the quenched PET has the largest heat of recrys-
tallization (AH.), and decreases with increasing annealing
time. The degree of crystallinity of PETYW), is determined

[18] as follow:

W = AHm,obs/AHmO

where AHp, ops = AH; — AH,, AH; is the heat of melting
and AH. is the heat of recrystallization. The absolute
value of the heat of fusion of the fully crystalline PET is
AH0= 120 J/g (or 5.8 kcal/mol) [18] The degree of crys-
tallinity in PET is listed in the last column of Table 1.

3.2.%C CP/MAS NMR spectra

Fig. 2 depicts®*C CP/MAS NMR spectra for PET
guenched and annealed at 32Gor 60 min. The combina-
tion of dipolar decoupling and magic-angle spinning (MAS)
results in sufficiently high resolution to resolve the methy-
lene-, phenyl- and carbonyl-carbon lines at 63.7, 134.8 and
166.7 ppm, respectively. Sample preparation and thermal
history have pronounced effects on the observed chemical
shifts and the line shapes. The carbonyl resonance for the
guenched PET& = 1667 ppm) becomes narrower and an
additional peak appears at 164.8 ppm after annealing at
12C°C. Similarly, the methylene carbon (63.7 ppm) for the
guenched PET also shows an upfield peak (62 ppm) after
annealing. This resonance can be reasonably decomposed
into a Gaussian and a Lorentzian components separated by
about 2 ppm. The decomposition provides direct quantifica-
tion for conformations with annealing that will be discussed
afterward.

3.3. Annealing effect on conformational change

In general, the methylene carbon resonance of the PET
comprises of an up-field narrower component and a broader
down-field component. PreviouSC NMR works [7,19]

Fig. 3. Methylene carbon resonance peaks for PET: (a) quenched; (b)have assigned the former as the methylene carbons in the

annealed at 10C for 60 min; (c) annealed at 1800 for 24 h; (d) annealed
at 120C for 60 min; (e) annealed at 18D for 60 min; and (f) annealed at

transconformer, and the latter in tlgaucheconformer. The

200°C for 60 min. Dots are experimental data, and the solid line is a fit chemical shift difference, the line widths, and the relative

based on the combination of Gaussian and Lorentzian functions.

area ratios of these two components are resolved. The overall
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Table 2

Conformational changes of methylene carbons of PET at various annealing conditions
Annealing temperaturéq) Annealing time (min) Trans (%) Gauche(%)
Quenched PET 0 8.1 91.9
100 20 18.4 81.6
100 40 21.6 78.4
100 60 25.3 74.7
100 80 30.2 69.8
100 1440 51.9 48.1
120 20 69.1 30.9
120 40 69.5 315
120 60 70.7 29.3
120 80 71.4 28.6
120 1440 78.8 21.2
120 60 70.7 29.3
140 60 71.9 28.1
160 60 73.3 26.7
180 60 79.5 20.5
200 60 84.8 15.2

resonance peak is fitted well to the sum of a Lorentzian significantly from 8.1 to 51.9%, and the line width for the
function for the upfield narrow component and a Gaussian trans resonances become slightly narrower after annealing
for the down field broad component. As an example, the for 24 h. This gives a direct measurement of the conforma-
experimental line shape and the decomposition results aretional change of the methylene carbons frgaucheform to
displayed in Fig. 3: (a) the quenched PET; (b) annealed attransform upon annealing above 3. Annealing below its
10C°C for 60 min; and (c) annealed at T@for 24 h. The T, does not provide sufficient energy to convert into the
guenched PET possesses 8.tt&ts conformer which is in thermodynamically more stabteans conformer [22]. The
agreement with the range predicted by previous works increase intrans fraction follows the same trend as the
[3,20,21]. It is worth noting that thé&rans conformer can increase of PET crystallinity. Conformation conversion is
exist in both crystalline and amorphous phases while the also observed with changing annealing temperature as
gaucheconformer appears mostly in the amorphous region. shown in Fig. 3: (d) 12T, (e) 160C, and (f) 200C, after

It is clear that the amount of theans conformer increases  annealing for 60 min. The conformation is still mostly in
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Fig. 4. Transcontent as a function of annealing time for PET annealed at Fig. 5. Transcontent and crystallinity of PET as a function of annealing
indicated temperatures: (a) T@0(M); (b) 120C (®). time.
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for annealing at 100 and 12D, respectively. Fig. 4(a)
reveals a gradual increase in thensfraction by annealing
Annealing temperature: 100°C at 100C. When annealed at 120, the trans fraction
quickly jumps to 69% within 20 min and gradually
increases up to 79% after 24 h as shown in Fig. 4(b). The
increase in thetrans fraction is in accordance with the
increase in PET crystallinity determined by DSC. Fig. 5
compares théransfraction and crystallinity versus anneal-
ing time at 100C. It is interesting to note that botians
content and crystallinity increase with annealing time.
However, the crystallinity levels off at ca. 23% but the
trans conformer continues to increase with annealing
time. This result suggests that conversion into the more
stable trans conformation precedes the formation of the
ordered crystallites. During the process of crystallite forma-
0.1 0 min tion, fraction of thetrans conformer is excluded from the

] PET crystalline phase, forming the interface between crys-
LA A A A AL talline and amorphous domains. Conversion to titams

0O 2 4 6 8 10 12 14 :
. . conformer can be considered as the precursor for the subse-
Spin lock time (ms) quent crystallization.

Annealing time:

Intensity M(t)/M(0)

Fig. 6. Semi-logarithmic plots of the magnetization intensity of 62 ppm 3 4. Proton spin—lattice relaxatio(]TlH,)
(methylene) as a function of spin-lock time for PET annealed af@00 f

for the time indicated. Annealing time O min corresponds to the quenched Conformational conversion térans form induces the
PET. subsequent crystallization and results in slower molecular
motion. Proton spin—lattice relaxation time in the rotating
gaucheform, when annealed at 180 for the same anneal- frame,Tal, via resolved carbon resonance provides a means
ing time. Raising annealing temperature to above°@20 to characterize molecular motion in polymers. Molecular
causes rapid increase the fraction of thens conformer, motions of carbonyl, aromatic and Gldegment as a func-
as shown in Fig. 3(d)—(f). Thizansfraction increases from  tion of annealing conditions based 6@ have been inves-
25.3% at 10€C to 70.7% at 120C, 73.3% at 16T and tigated previously [7]. Current study uses the parameter of
84.8% at 20€C. It is more than just a mere coincidence Tl'j') with a clear focus on motion where the individual
that the observed rapid conversion fragaucheform to relaxation behaviors are averaged over a larger domain
transform occurs at a temperature (X2 identical to the due to spin-diffusion. Although the mode of molecular
temperature of the PET onset crystallization. This observa- motion detected is comparable by both metha":[g,takes
tion indicates that a close relationship between the fraction the overall averages of a larger domain. The relaxation for
of the trans conformation and the crystallinity. an individual molecular segment in repeating unit is equal
The conformer distributions after various annealing for the same reason. If the domain is large enough, distinct
conditions are tabulated in Table 2 for comparison. Both relaxations from different morphological domains appear.
annealing time and temperature affect the conformer distri- The magnetization decay curves of ffi€ signal for methy-
bution, but their effects are more pronounced at higher lene carbons of the quenched and annealed PET &C100
annealing temperatures, especially above °C20Fig. 4 from 20 min to 24 h are plotted on a semi-logarithmic scale
shows plots otrans content in PET versus annealing time vs. proton spin-lock time as shown in Fig. 6. In this

Table 3
Tal values of 62 ppm of PET at various annealing conditions

Annealing temperaturéQ) Annealing time (min) Two components fit Stretch exponential fit
Short time component (ms) Long time component (ms) « Tﬂ, (ms)

Quenched PET 0 0.4 35 0.93 3.2
100 20 0.5 4.1 0.90 3.6

100 60 14 6.1 0.88 5.4

100 80 21 8.9 0.85 6.8

100 1440 2.7 111 0.75 8.7

120 60 1.3 9.7 0.78 7.4

160 60 1.1 10.5 0.70 9.1

200 60 0.9 13.4 0.65 125
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Fig. 7. Semi-logarithmic plots of the magnetization intensity of 62 ppm Fig. 9. Plot oleHp values as a function dfanscontent in PET.

(methylene) as a function of spin-lock time for PET annealed at different
temperatures for 60 min,
the annealing temperature has similar effects on molecular
bi-exponential approach, these two components corresponddynamics. Fig. 7 shows the semi-logarithmic plots of the
to the relaxation of PET protons located in the more mobile magnetization intensity of the methylene as a function of
(short time component) and the more rigid (long time spin-lock time for PET annealed from 100 to 2Q0for a
component) regions. Thé’al values obtained from the fixed time of 60 min. Increasing annealing temperature also
methylene carbon (62 ppm) of PET are summarized in results in IongerTﬂ. Proton relaxes slower when PET is
Table 3. TheTﬂ, for the long time component increases annealed at a higher temperature. The distribution of relaxa-
gradually from 3.5 ms for the quenched sample to 11.1 ms tion time is expressed by the stretch exponential approxima-
for the sample after annealing 1440 min at X0Changing tion. The stretch exponent equals 1 for homogeneous
relaxation, whilea is reduced for more inhomogeneous

distribution due to the hierarchical coupled relaxation beha-
9- vior. The exponentr and the averaged relaxation tirﬁé},
Annealed at 100°C (a) resulting from the stretch exponential analysis are
g ] fordiferent time summarized in the last two columns in Table 3. Gradual
decrease of the exponeatis observed which implies that
80 min the relaxation time distribution becomes more severe as the
77 molecular motion is reduced’ﬂ (a) increases) with more
. severe annealing conditions.
2 6+ Without specifying motion of the individual molecular
\E/ moiety, the increase oTl'j, value can be used directly as
Ta 5 the measure of the reduction of PET molecular mobility
= ] averaged over the diffusion length (estimated to within
4. 40 min 50 A). The correlation of theTal with crystallinity is
/ shown in Fig. 8. Interestingly, the increaseTéE with crys-
¢ —u— (a) 62 ppm tallinity follows a linear relationship rather well. However,
3 20 min —e— (b) 134.8 ppm the linear relationship betweé’rfp andtranscontent (Fig. 9)
is not as well as in Fig. Sl'ﬂ is an average of spatial length
2

limited by spin-diffusion. These observed results imply that
the T{L of the long time component is a measure for the
L latively rigid domain, which is only indirectly related to
llinity (2 re r W :
Crysta y (%) the trans content. In addition, thérans conformer is also
Fig. 8. T4 values as a function of PET crystallinity (a) 62; (b) 134.8 ppm Present in the soft amorphous domain. Combining these
(methylene). results it is clear that the amorphous phase is made up of

4 6 8 10 12 14 16 18 20 22
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( trans 8 %) ( trans 20 %) ( trans 50 %) ( trans 80 %)
A A
O
O
o

A [ :amorphous domains
B [ : constrained noncrystalline domains
C @ : crystalline domains

Fig. 10. Schematic diagrams show the relationship between conformation conversion and crystallinity growth in PET.

high content ofgaucheconformer while the constrained crystallinity, but less linear withrans content. It is clear
noncrystalline phase is made up of chains richtrans that thetrans conformer possesses different mobility in the
conformer. The three-domain result is consistent with the amorphous and the ordered crystalline domains. A three-
previousT{*p study using the multiple pulse sequence by domain model containing crystalline (&lans), constrained
Havens and Van der Hart [4]. The relationship between noncrystalline ffans rich), and amorphous phasgafche
conformational conversion and crystallinity growth can be rich) satisfactorily explains the relationship among the PET
depicted in Fig. 10. These three domains correspond toconformation, crystallinity and annealing conditions.
crystalline (all trans), constrained noncrystallinetréns

rich), and amorphousgéucherich) phases. The quenched

PET contains mostly the amorphous domain, only small Acknowledgements
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