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norbornyl polycarbonate ( Tl ( C ) )  (in comparisons with 
tetrachloro polycarbonate aniother polymers with a sim- 
ilar Hl(C) dependence) are not in line with its low impact 
strength. This demonstrates that the correlation between 
a single average Tl,(C) value and impact strength is, in 
fact, not universal and that for some systems a more ela- 
borate use of T1 (C) relaxation behavior may produce a 
better guide to deformation events on a molecular scale. 

In summary, the extensive collection of relaxation data 
discussed in the previous three sections supports a general 
connection between the macroscopic physical property of 
toughness and microscopic molecular motion for poly- 
carbonate and various modifications of polycarbonate but 
also defines a number of exceptions and qualifications 
(mostly dealing with sample geometry) which necessarily 
limit the utility of this connection in practical applications. 
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ABSTRACT: Carbon-13 rotating-frame relaxation parameters have been obtained from magic-angle high- 
resolution 13C NMR spectra of various poly(ethy1ene terephthalates). Comparisons of ( Tl,(C))’s and 
( TIs(ADRF))’s show that Tl,(C) relaxation is a spin-lattice process for the amorphous material and so can 
be used to characterize molecular motion in the low-to-mid-kilohertz frequency range. Annealing below TB 
reduces the mid-kilohertz rotational segmental motions of the ethylene groups in poly(ethy1ene terephthalate). 
The transition from ductile to brittle mechanical failure observed with low-temperature annealing may result 
from the loss of these cooperative components of main-chain motion. By contrast, either the amplitude of 
the mid-kilohertz phenyl motions increases or the frequency decreases during this period, consistent with 
the notion that precrystalline organization leads to coplanarity of the phenyl rings, an increase in the car- 
bonyl-phenyl dihedral angle, and a reduction of the barrier to internal phenyl-group rotation. Annealing 
above Tg allows conformations a t  the ethylene linkages to change from gauche to trans. On the basis of a 
resolution of the ethylene-carbon resonance into contributions from gauche and trans conformations, a reduction 
in molecular motion is observed for ethylene groups with gauche conformations in the amorphous region after 
annealing above Tg, while the dynamic behavior of the trans-ethylene conformations in the amorphous region 
becomes indistinguishable from that in the crystalline regions. The latter result suggests that some correlations 
involving the properties of annealed poly(ethy1ene terephthalate) should be based on gauchetrans ratio rather 
than weight fraction of crystallinity. 

The analysis of molecular motion in polymers, particu- 
larly those motions responsible for mechanical properties, 
has historically relied on dielectric and mechanical mea- 
surements.’J However, the assignment of low-temperature 
dielectric and mechanical loss peaks to specific molecular 
motions often requires extensive supplemental information 
from other measurements such as infrared, ‘H NMR, 
X-ray diffraction, and calorimetry. Even when reasonable 
assignments can be made, it is not always clear that the 
types of motions which occur a t  low temperatures are 
necessarily related to room-temperature molecular motions 
and mechanical properties. 

We have shown previously that high-resolution carbon- 
13 NMR spectra can be obtained of solid glassy polymers3 
and that measurement of relaxation parameters for the 
resolved resonances allows an unambiguous assignment of 
molecular motion in the mid-kilohertz frequency 
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Furthermore, we have shown a correlation between these 
NMR relaxation parameters and the room-temperature 
impact strength for a variety of polymers.’ We report here 
the results of an analysis of the molecular motions at  26 
OC in poly(ethy1ene terephthalate) (PET) as derived from 
carbon-13 rotating-frame relaxation measurements. We 
report also the effects of annealing on those molecular 
motions and the relationship between microscopic mo- 
lecular motions and the transition from ductile to brittle 
mechanical behavior resulting from the annealing. 

Experiments 
Poly(ethy1ene terephthalate) (Goodyear Tire and Rubber Co., 

lot no. VFR 1625A) was vacuum-oven dried, melt pressed at 270 
“C, and quenched in ice water to form either 0.3- or 3.2-mm f i i .  
These are referred to hereafter 89 thin and thick films, respectively. 
The films were clear, free from visible voids and defects, and 

0 1980 American Chemical Society 



Vol. 13, No. 5, September-October 1980 Molecular Motions of Poly(ethy1ene terephthalate) 1133 

showed no crystallinity by X-ray diffraction. Biaxially oriented 
Mylar film 0.02-mm thick was obtained from E. I. du Pont de 
Nemours and Co. 

All of the samples were stored a t  22 "C and 40% relative 
humidity. Films were annealed at 61,140 and 200 "C for varying 
times in an air bath and then quenched in ice water. Crystallinity 
of the PET samples was determined from density measurements 
and differential scanning calorimetry (DSC). Densities were 
determined according to ASTM 1505-601' in a hexane-carbon 
tetrachloride linear gradient. The crystallinity was calculated 
assuming a density of 1.333 g cm-3 for the amorphous region and 
1.515 g cm-3 for the crystalline region.* A Du Pont thermal 
analyzer 990 was used for the DSC measurements on approxi- 
mately 5-mg samples with a heating rate of 10 "C/min under 
flowing nitrogen. The weight fraction of the crystalline region 
was calculated assuming the heat of fusion of fully crystalline PET 
to be 5.8 cal/m01.~ The mechanical properties of the quenched 
and annealed PET thin films were measured by a biaxial dart 
impact tester similar to that described by Larble and Supnik.lo 

Most of the carbon- 13 NMR experiments were performed a t  
15.09 MHz with high-speed sample rotation a t  the magic-angle 
in a Beams-Andrews design hollow rotor. Details of the exper- 
imental conditions necessary to achieve high resolution from solids 
have been described el~ewhere.~-~Jl 

Cross-polarization spectra were obtained with single 1-ms 
contact times and matched H,'s of 37 kHz. The carbon T1, 
relaxation time was obtained from a plot of the relative magnitude 
of the carbon magnetization remaining spin locked after the proton 
radio-frequency field was removed for varying times. The initial 
slope of the T1, curve (measured as described in footnote a, Table 
I) gave the average relaxation time, ( T l p ( C ) ) .  

Proton Tl,'s and matched spin-lock cross-polarization 1-ms 
times, T&3L)'s, were obtained from the carbon-13 NMR spectra 
&s a function of carbon--proton contact time. The value of Tl,(H) 
was given by the final slope of the magnetization vs. contact-time 
curve, while T,S(SL) was derived from the initial rise in polari- 
zation. The initial rate of nontransient polarization transfer from 
protons spin-locked in their dipolar field to carbons under an 
applied radio-frequency field was used to determine (TIS-  
(ADRF))? The latter measurements were obtained at 22.6 MHz 
on stationary samples with Hl(C) 's  of 28, 37, and 44 kHz, re- 
spectively. 

The homogeneous line width of the quenched thick PET films 
was determined from a spin-echo experiment. After an initial 
polarization with single 1-ms contacts a t  37 kHz, the carbon 
radio-frequency field was turned off for a time 7, followed by a 
180" refocusing pulse. The free induction decay was observed 
after a second time T ,  where T varied from 0.5 to 8 ms. 

All measurements were made on samples which occupied ap- 
proximately two-thirds the volume of the radio-frequency coil. 

Results 
Sample  prepara t ion  and thermal  history have pro- 

nounced effects on  the observed PET chemical shifts and 
line shapes (Figure 1). Spect ra  are shown of PET which 
had been  quenched (top left), annealed at 6 1  "C (bot tom 
left), annealed at 140 "C (center), and annealed a t  200 "C 
(top right). T h e  spectrum of a biaxially oriented film with 
the  transverse draw direction aligned with the  magic angle 
is also shown (bot tom right). T h e  combination of dipolar 
decoupling and magic-angle spinning results in sufficiently 
high resolution t o  resolve t h e  ethylene-, aromatic-, and 
carbonyl-carbon lines, which appear  at 63, 133, and 165 
ppm (6c), respectively. 

T h e  echo decay curves shown in Figure 2 indicate greater 
homogeneous line widths for the  ethylene-carbon lines than 
for t h e  aromatic- and carbonyl-carbon lines. Additional 
relaxation parameters for the  ethylene-carbon lines of thick 
PET films a re  given in Table  I. At a constant annealing 
tempera ture  of 61 "C, increased annealing t ime generally 
results in increased T,,(C)'s. For example, at a rotating- 
f rame frequency of 37 kHz,  ( T l p ( C ) )  for t h e  ethylene- 
carbon line increases f rom 3.5 to  6 m s  after annealing a 
quenched sample for 350 h at 61 "C (Figure 3). Compa- 
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Figure 1. Cross-polarization magic-angle carbon-13 NMR spectra 
of methylene annealed, and biaxially oriented poly(ethy1ene 
terephthalate). The ethylene-, aryl-, and carbonyl-carbon reso- 
nances appear at 63,133, and 165 ppm, respectively. An example 
of the deconvolution of the ethylene-carbon resonance into broad 
and narrow components is shown in the top, center section of the 
figure. 
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Figure 2. Cross-polarization magic-angle echo amplitudes for 
quenched poly(ethy1ene terephthalate). Slopes of the plotted lines 
yield homogeneous line widths of 35, 13, and 8 Hz for the 
ethylene-, aromatic-, and carbonyl-carbon resonances, respectively. 
The pulse sequence used to obtain these homogeneous line widths 
is illustrated in the bottom of the figure. The data were not 
influenced by minor attenuations of the echo amplitude which 
might arise from the interference of the single 180' pulse with 
the magic-angle averaging process, since the refocusing pulse was 
introduced only a t  even multiples of the rotor period. 

rable results were obtained for bo th  thick and th in  films 
(Tables I and 11). 
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Table I 
Relaxation Parameters for the Ethylene Carbons of 

3-mm-Thick Films of 
Poly(ethy1ene terephthalate) at 26 "C 

Macromolecules 

annealing (TIS- 
time a t  H,(C), (TIp(C))," (ADRF)),* TIp(H), 
61 "C, h kHz ms ms ms 

0 28 2.1 100 2.9 
37 3.5 > 100 
44 7.0 >loo 

30 28 2.1 85 
37 4.9 > l o o  3.7 
44 9.8 > l o o  

350 28 2.7 70 
37 6.0 > 100 3.9 
44 10.0 > l o o  

a Sample spinning a t  2.1 kHz at the magic angle; average 
value is the least-squares straight-line fit of the relaxation 
data collected from 0.300 t o  0.800 ms after removal of 
the 'H radio-frequency field. Accuracy estimated at 
+lo%. Carbon polarization prepared by a 1-ms matched 
spin-lock transfer. 
tained from ( dS/dt)t,,, using ADRF polarization transfer 
from 0.300 to 0.800 ms after initial contact. 

Stationary sample; average value ob- 

Table I1 
(T,p(C)) for Annealed 

Poly(ethy1ene terephthalate) Thin Filmsu** 

(T,p(C)), ms % crys- 
tal- 

linity aro- 
annealing density ( w ,  ethyl- ma- car- 

conditions ( p )  from p )  ene tics bonyl 
quenched 1.337 2 3.5 18 27 
anonealed at 61 1.339 3 5.1 15 34 

annealed at 61 1.340 3 5.7 9 44 

annealedat 140 1.377 34 16 20 120 

a y e a l e d a t  200 1.400 37 21 18 110 

Mylar 5OC 18 23 130 
Relaxation times measured at 15.09 MHz on 0.3-mm 

samples spinning at 2.0 kHz at the magic angle with carbon 
and proton Hi's of 37 kHz. Sample temperature was 26 
"C. Method of measuring (Tlp(C)) was as described in 
footnote u, Table I. Mylar film (0.02 mm) used as sup- 
plied from Du Pont. Du Pont estimate based on X-ray 
diffraction. 

C (30 h)  

"C (276 h )  

"C (18 h )  

C (18 h )  

The (Tl,(C))'s for the ethylene-carbon lines have a 
stronger dependence on the rotating-frame frequency than 
do the (T1,(C))'s for the aromatic-carbon lines. The 
ethylene-carbon ( Tl,(C) )'s measured at Hi's of 28,37, and 
44 kHz have about a square-law dependence on Hl(C) 
(Table I). By contrast, aromatic-carbon (T,,(C))'s of 8, 
12, and 15 ms were observed for the same Hl's (for the 
thick-film sample annealed at 61 "C for 30 h), a depen- 
dence somewhat less than square law. 

Proton-carbon matched spin-lock cross-polarization 
transfer times, TIs(SL), for the ethylene carbons were 29, 
31, and 28 ps, respectively, for 0,30, and 350 h of annealing 
at  61 "C. The average cross-polarization transfer times 
for the sum of the protonated and nonprotonated aro- 
matic-carbon lines were 161, 113, and 90 ps for samples 
annealed 0, 30, and 350 h, respectively. 

Annealing thin PET films results in an increase in the 
(T,,(C)) of the ethylene- and carbonyl-carbon lines but 
a decrease in the (T,,(C)) for the aromatic-carbon line, 
until the onset of crystallinity (Table 11). Annealing PET 
films above Tg not only causes significant changes in the 
relaxation parameters but also alters the line shape (Figure 

7ipK) relavation of m e t h y h e  
carbow of PET &f 30% 
(H,CO -37kHz, MAS at 2. /kHz1 

, 
./3t 1 1 " 5 ' I 1 IO ' I 1 

time,#tz-- 

Figure 3. Carbon-13 rotating-frame relaxation data for the 
methylene carbons of poly(ethy1ene terephthalate) showing the 
dispersion which results from a distribution of relaxation times. 
The average relaxation time, represented by the initial slope (see 
text) of the relaxation c w e ,  is 3.5 ms for quenched (open circles) 
and 6.0 ms for annealed (closed circles) poly(ethy1ene tere- 
phthalate). The annealing was performed at 61 "C for 350 h. The 
samples are described in Table I. 

1). The ethylene-carbon line assumes an asymmetric shape 
when annealed above Tg, suggesting contributions from 
both broad and narrow components. With the aid of 
computer analysis, these two components of the ethyl- 
ene-carbon resonance can be resolved for samples where 
T,  = 140 and 200 "C (see, for example, Figure 1, top 
center). The narrow component is shifted upfield about 
1 ppm relative to the broad component. From such re- 
solved curves, the broad and narrow components of the 
PET sample with T,  = 140 "C have ( T1,(C))'s of 6.5 and 
26 ms, respectively. Deconvolution of the ethylene-carbon 
resonance for the sample annealed at  200 "C yields re- 
laxation times of 10 and 27 ms for broad and narrow 
components, respectively. Included in Table I1 for com- 
parison are the results obtained with a biaxially oriented 
Mylar film which is reported to have approximately 50% 
crystallinity. l2 

The density and calculated weight fraction crystallinity, 
w,, for the annealed thin films are included in Table 11. 
Differential scanning calorimetry measurements for the 
film annealed at 140 "C gave two endotherms (2'- = 155.0 
and 256.7 " C )  with a combined AH = 10.52 f 0.03 cal/g. 
Annealing at  200 "C also produces a film with two en- 
dotherms (Tmm = 226.5 and 258.9 "C)  with AH = 11.69 
f 0.19 cal/g. 

ImDact strengths of PET thin films determined by the 
falling-dart tesi are presented in Table 111. The near- 
linear relationship between film thickness and failure en- 
ergy has been used in reporting the results as an average 
of 8-12 specimens ranging in thickness from 0.2 to 0.3 mm. 
Discussion 

Origin of Line Widths. The carbon-13 NMR spec- 
trum of quenched PET (Figure 1, upper left) has three 
resonances arising from the carbonyl, aryl, and ethylene 
carbons, in order of increasing field, from left to right. 
These three lines are fairly broad (with widths of 60,100, 
and 90 Hz, respectively), even in the presence of dipolar 
decoupling and magic-angle spinning. The line widths 
observed can be due either to heterogeneous broadening 
factors such as distributions of isotropic chemical s h i f P  
or to homogeneous broadening factors arising from mo- 
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Table 111 
Dynamic Mechanical Properties of 

Poly(ethy1enc terephthalate) Films from 
Biaxial Dart Impact Test 

strength,a, failure 

quenched 1 9 6 +  7 3 4 0 +  6 
a n n e a l e d a t 6 l 0 C ( 2 4 h )  1 2 0 t r 9  4 2 +  6 
annealed a t  61  "C (115  h )  4 2 +  6 

a Film thicknesses between 0.2 and 0.3 mm were used; 

Strength is determined by the output of a quartz-crystal 

annealing conditions N energy,mJ 

1 2 1  ~t 9 

reported results are normalized to 0.4-mm thickness. 

transducer mounted beneath a 6.5-mm-diameter dart. The 
25-mm-diameter film sample, clamped over a 16-mm-dia- 
meter hole in the falling plate, impacts the dart a t  a rate of 
365 cm/s. 

lecular motion described by an effective autocorrelation 
frequency comparable to the decoupling field. 

We do not expect large chemical shift differences for the 
various ethylene conformations since interactions with y 
substituents should be small.14 In addition, over the period 
from 0.5 to 8 ms the echo amplitudes (Figure 2) decay at  
about the same rate as Tl,(C) (Figure 3). That is, the 
observed ethylene-carbon line width is comparable to 
( Tlp(C))-l. This indicates that much of the broadening 
arises from the motional shortening15 of the dipolar-de- 
coupled carbon T2. Consistent with this interpretation we 
observe a reduced ethylene-carbon line width for biaxially 
oriented16 PET (Figure 1, lower right). We suspect that 
the predominantly trans-ethylene conformations" in Mylar 
not only produce an isotropic upfield shift of about 1 ppm 
but also reduce molecular motions, increasing Tl,(C) and 
decreasing the line width. 

Homogeneous line widths are less and Tl,(C)'s are 
greater for the aromatic and carbonyl carbons of PET than 
for the ethylene carbons (Table I1 and Figure 2). This is 
to  be expected since the broadening depends on the 
strength of the fluctuating dipolar field, and dipolar in- 
teractions experienced by the ethylene carbons are stronger 
than for the aromatic and carbonyl carbons. Nevertheless, 
the observed aromatic- and carbonyl-carbon line widths 
are still consistent with substantial (but not complete) 
homogeneous broadening from molecular motion with 
frequency components comparable to the decoupling field. 
Rotation of the phenyl ring about its C-1, C-4 axis as 
proposed by TonelliI8 and otherslg could lead to consid- 
erably greater homogeneous line widths for the protonated 
carbons than for the nonprotonated C-1 and C-4 carbons. 
The asymmetric line shape in the aromatic region of the 
spectrum of quenched PET (Figure 1, upper left) could 
result from the overlap of a relatively narrow downfield 
line, arising from the two nonprotonated carbons, and a 
broader line, shifted upfield,13 for the four protonated 
aromatic carbons. 

( Tl,(C)) as a Measure of Molecular Motion. The 
loss of carbon magnetization from the rotating frame can 
occur through either spin-lattice or spin-spin processes. 
Spin-lattice relaxation arises from the modulation of in- 
ternuclear dipolar interactions by molecular motion at the 
rotating-frame Larmor frequency (low-to-mid-kilohertz 
range). Spin-spin relaxation results from strong, static 
'H-" interactions and proton spin flips which produce 
a broad dipolar fluctuation spectrum with substantial 
spectral density a t  the carbon rotating-frame Larmor 
frequency.20v21 Mutual spin flips can then occur from 
spin-locked carbons to protons, resulting in a loss of carbon 
polarization characterized by a spin-spin time constant 
TIs(ADRF).' 
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In the absence of any spin-lattice process, (T,(ADRF)) 
is equal to (T  (C)). For quenched PET samples and for 
samples anne$ed below Tg, (T,(ADRF)) is more than an 
order of magnitude larger than ( T1 (C)) for all Hl's ex- 
amined here (Table I). Thus, (T,,(C)) for the ethylene 
carbons of amorphous PET is determined by molecular 
motion. The weak Hl dependence of ( Tl,(C)) suggests this 
is also true for the aromatic carbons. 

Carbon rotating-frame relaxation in crystalline regions 
of PET, and other crystalline polymers for that matter, 
may be dominated by spin-pin processes.4 We previously 
reported4 a value of 54 ms for the (Tls(ADRF)) for the 
ethylene carbons of Mylar a t  37 kHz. Assuming 50% 
crystallinity for our sample of Mylar, we can estimate the 
( TIs(ADRF)) in the crystalline regions of the sample by 

+ 0.5 - - 1 
(TIS(ADRF))Mylar (T,s(ADRF)),,,,t 

0.5 
( TIS(ADRF) )morph 

From Table I (T&DRF)),,,,, is greater than 100 ms 
so that by the above equation ( TE(ADRF)), is estimated 
to be about 30 ms. From the deconvolution procedures 
described earlier, the ( T1,(C))'s for the ethylene carbons 
in the crystalline regions of Mylar and of annealed un- 
oriented PET are found to be 26-27 ms. Thus, T1,(C)) - (TE(ADRF) ), relaxation in crystalline PET is spin-spin 
dominated, and no information about molecular motion 
is available. 

Frequency of Molecular Motion in PET. The 
presence of motional broadening in the 13C NMR spectrum 
of quenched PET indicates the presence of molecular 
motion with components described by correlation fre- 
quencies comparable to the decoupling field (H, = 37 kHz) 
at  26 "C. This conclusion is in general agreement with 
those based on other experiments. For example, Wardz2 
concluded from his study of PET with proton nuclear 
magnetic resonance that the ethylene carbons undergo 
considerable reorientation at frequencies greater than lo6 
Hz and that some phenyl reorientation also occurs at these 
frequencies. On the basis of the time-temperature su- 
perposition principle, dynamic m e ~ h a n i c a l ' . ~ t ~ ~ * ~ ~  and di- 
electric spectra have been generally interpreted as 
indicating relatively high-frequency motions for the 
ethylene-carbon reorientation (y relaxation), and somewhat 
lower frequencies for phenyl and carbonyl motion ( p  re- 
laxation) a t  room temperature. Williams and Flory26 and 
Tonellilg have presented theoretical arguments for the 
treatment of the phenyl residue as a free rotor, so that 
restricted, essentially independent torsional oscillations 
in the solid state are not completely unreasonable. 

As we have already described, the spin-lattice contri- 
bution to T,,(C) is sensitive to rotational segmental 
motions of the polymer chain in the frequency range de- 
termined by the carbon H1. A qualitative interpretation' 
of the Bloembergen-Pound-Purcel127 theory of magnetic 
relaxation in terms of the rotating-frame rare-spin ex- 
periment predicts that the Tl,(C) should vary as (H1(C))* 
for relaxation induced by motions whose frequencies are 
less than H,(C). Relaxation due to motions which have 
frequency components much greater than Hl(C) have little 
or no dependence on the rotating-frame frequency. By this 
argument, the rotating-frame frequency dependence of the 
ethylene-carbon ( T1,(C))'s (Table I) of quenched and 
annealed (T, < T,) PET is consistent (within experimental 
error) with relaxation being dominated by molecular 
motion in the low-to-mid-kilohertz frequency range. 
Phenyl-carbon ( Tl,(C))'s increase only by a factor of 2 for 
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nounced changes in the high-temperature region of the 
mechanical loss spectrum are observed, as well as modest 
changes in the low-temperature region, the latter including 
a slight decrease in the intensity and temperature of the 
adsorption maxima.34 Annealing above T also results in 
large changes in the observed ( T,,(C) )’sa h e r  annealing 
at  140 “C the ethylene-carbon line shape shows structure 
which can be resolved into broad and narrow components 
(Figure 1, top center). These components have ( T1,(C))’s 
of 6.5 and 26 me, respectively. On the basis of relative 
areas, the narrow component comprises 37% of the total 
ethylene-carbon intensity. The high-field narrow compo- 
nent arises from the trans-ethylene conformations, in- 
cluding those in the amorphous region. The latter con- 
clusion is supported by two arguments: (1) the NMR 
experiment is sensitive to molecular environments which 
extend only a few repeat units and hence detects ordered 
regions that are much smaller than those usually described 
as crystalline, and (2) the percentage of ethylene carbons 
contributing to the narrow component is greater than the 
percentage crystallinity determined from density mea- 
surements. Infrared studies support the notion that the 
percentage of trans-ethylene conformations in heat-set 
PET films is generally greater than the percent crystal- 
linity.16 

The value of 6.5 ms for the (T1,(C)) for the broad 
component of the ethylene-carbon region represents a 
continuation of the trend of increasing T1, with increasing 
annealing that was observed with samples annealed below 
Tg (Table I). This result is possibly explained by the fact 
that, in addition to relieving strained conformations and 
reducing free volume, annealing above Tg results in for- 
mation of small crystallites which further inhibit motion 
in the amorphous region. On the basis of shifts in high- 
temperature loss peaks observed from annealed PET 
samples of varying crystallinity, Illers and B r e ~ e r ~ ~  sug- 
gested that at low-to-medium crystallinities there may be 
many small crystallites which act as cross-links to inhibit 
cooperative segmental motion in the amorphous phase. At 
high crystallinities, they would argue the individual 
crystallites are larger and the ratio of amorphous volume 
to the number of crystals increases. This leads to specu- 
lation of increased segmental motion in the amorphous 
phase. Nevertheless, our data indicate a decrease in mo- 
lecular motion of the gauche-ethylene conformations of the 
amorphous region even after annealing at 200 “C (( T1,- 
(C))broad = 10.5 ms) where large crystallites might be ex- 
pected. We conclude that precrystalline ordering has more 
to do with inhibition of motion than the more macroscopic 
effects of the large crystallites themselves. 

Just as with annealing below T , (T,,(C))’s for the 
carbonyl carbons of PET films anneafed above T lengthen 
in proportion with the ethylene-carbon ( TlP(C!))’s, sug- 
gesting that relaxation is provided by motion of the 
ethylene protons. The increased value of the aryl-carbon 
(Tlp(C))  and changing line shape3’ are also a result of 
increasing crystallinity. However, a quantitative inter- 
pretation of the aryl- and carbonyl-carbon ( Tl,(C))’s is 
unwarranted, since their line shapes do not allow a reso- 
lution of components from different regions of the polymer 
as was possible for the ethylene-carbon line. 

Molecular Motion and Mechanical Properties of 
PET. We have previously demonstrated a correlation 
between mechanical properties of nominally homogeneous 
glassy polymers and NMR relaxation  parameter^.^^' In 
that correlation we pointed out that a short main-chain 
T,,(C) often corresponds to high impact strengths since 
the former indicates main-chain motions fast enough to 

a change of Hl’s from 28 to 44 kHz (see Results), suggesting 
that some independent phenyl reorientation may occur at 
higher average frequencies than ethylene-carbon motion. 
Both ethylene- and phenyl-carbon T14 relaxation plots 
show the presence of multiple relaxation times and so 
distributions of amplitudes and frequencies of motions. 

1. 
Annealing below T,. Annealing has a profound effect 
on the physical properties of PET.28,32 Annealing below 
Tg rapidly results in embrittlement, indicated by failure 
in tensile and impact strength tests. This is true even 
though the low-temperature region of the dynamic me- 
chanical loss spectrum of annealed PET is indistinguish- 
able from that of quenched PET.33 (Yip and Williams35 
have summarized most of the recent mechanical data in 
their study of relaxations in polyesters related to PET.) 

The (Tl,(C)) data reported in Table I1 indicate the 
sensitivity of rotating-frame relaxation to thermal history 
for thin PET films. Annealing at  61 “C (T,  < T,) leads 
to an increase in the ( Tl,(C)) for the ethylene and carbonyl 
carbons and a decrease in that for the aryl carbons. Now, 
we might expect lower amplitude motions and longer 
(T,(C))’s for ethylene carbons in trans conformations than 
for those in gauche conformations. However, annealing 
below Tg does not provide sufficient energy to allow for 
conversion between these two  conformation^.^^ Rather, 
we believe the decrease in the ethylene-carbon (T,,(C)) 
reflects a decrease in the amplitude (or frequency) of the 
cooperative ethylene-group motion (lowering the spectral 
density a t  the carbon rotating-frame frequency) by elim- 
ination of nonequilibrium interchain configurations and 
free volume trapped by the quenching process.36 

The ( Tl,(C))’s of ethylene and carbonyl carbons increase 
by the same ratio when thin films of PET are annealed 
below Tg (Table 11). This result suggests that the carbonyl 
carbons are being relaxed by motions of the ethylene 
protons. (The larger values of the carbonyl (Tlp(C))  
compared to that of the ethylene carbons reflects the 
strong dependence on the internuclear distance for dipolar 
interactions.) We interpret the parallel behavior of the 
ethylene- and carbonyl-carbon ( Tl,(C))’s as an indication 
that independent motion of the carbonyl group does not 
change significantly when the sample is annealed below 
TB’ This interpretation is consistent with dynamic me- 
chanical measurements which show no change in the low- 
temperature loss for quenched films and for films annealed 
at  65 0C.33 (Loss in the temperature region of -100 to -60 
“C is generally regarded as due to COO motion.35) 

The (Tl,(C)) for the sum of the protonated and non- 
protonated aryl carbons is about 3 times longer than for 
the ethylene carbons in quenched PET, roughly consistent 
with the number of directly bonded protons and equal 
average angular excursions for methylene and aromatic 
carbon-proton internuclear vectors. These excursions 
represent rotational reorientations within conformations. 
The decrease in aromatic-carbon ( T1,(C)) with annealing 
at  61 “C (Table 11) implies that phenyl motion, which has 
components of motion at  higher frequencies than H l ( C )  
in the quenched state, is either reduced in frequency or 
increased in amplitude. On the basis of the present ex- 
periments we cannot choose between the two possibilities. 
The former seems less likely, however, in view of reason- 
able arguments that the development of precrystalline 
order leads to loss of phenyl-carbonyl coplanarity and 
hence a loss of cooperative relaxation17 but an increase in 
independent or internal relaxation. 

2. Annealing above T,. Annealing above Tg causes 
densification and formation of crystalline domains. Pro- 

Effects of Annealing on Molecular Motion. 
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lead to plastic flow, thereby dissipating impact energy as 
heat without stress concentration, crack formation, and 
brittle f a i l ~ r e . ~  Consistent with this correlation, the 
ethylene-carbon (T,,(C))’s of PET increase by just a little 
less than a factor of 2 when quenkhed films are annealed 
at  61 “C for about 30 h. This is true despite the use of a 
far more conservative procedure for measuring ( T1,(C)) 
than employed p r e v i o ~ l y . ~  These changes in ( T,,(C)) are 
accompanied by a decrease in the impact strength (Table 
111). 

Embrittlement has been reported in PET films annealed 
as low as 51 “C for 90 min.33 On the basis of the rela- 
tionship of annealing time and temperature to the tran- 
sition from ductile-to-brittle failure, Mininni et al.33 pro- 
posed that this transition was due to the elimination of 
an extremely small increment of trapped free volume. 
Indeed, little densification occurs under these annealing 
conditions. 

We suggest that ductile behavior in quenched PET ar- 
ises from cooperative high-frequency components of 
motion associated with trapped, nonequilibrium ethylene 
c~nf igura t ion .~~ These motions are the precursors to 
plastic flow. Annealing removes these motions resulting 
in either slow cooperative motions or fast but localized 
(independent, noncooperative) phenyl-group motions, 
neither of which is well suited to initiating plastic flow. 
Loss of just a few high-frequency cooperative motions is 
apparently sufficient to precipitate a change in failure 
mode from ductile to brittle. After the ductile-brittle 
failure transition or threshold has been reached, the 
ethylene-carbon ( T,,(C)) continues to increase with ad- 
ditional annealing but with no further decrease in impact 
strength observed (Table 111). In this regime, brittle failure 
is now correlated with volume or dilational effects, in- 
cluding internal flaws, inclusions, surface defects, and 
sample thickness, all of which are effects unrelated to 
microscopic molecular m ~ t i o n . ~  
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