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decrease the positive charge at  the carbocation active 
center and favor free ion formation. In contrast, the chloro 
substituent is electron withdrawing, which would increase 
the positive charge at  the growing carbocation center and 
favor the formation of solvated ion pairs. If these reso- 
nance effects occur to a significant extent, then the po- 
lymerization reaction of the p-chloro monomer could be 
much more sensitive to the environment of the carbocation 
active center than that of the p-fluoro monomer. 

The values of syndiotactic and isotactic sequence 
lengths, as calculated from the equations above, for the 
fluoro-substituted series of polymers obtained in mixtures 
of methylene chloride and hexane or toluene are collected 
in Table VI. I t  is again clearly seen that the isotactic 
configuration is very difficult to form, and the average 
isotactic sequence length is only one for all of the polymers; 
that is, no units longer than diads were formed and only 
very few of those. The syndiotactic sequence length shows 
a very slight solvent effect, becoming longer with increasing 
solvent polarity. 
Experimental Section 

All polymerization reactions were carried out at -78 "C under 
an atmosphere of dry argon with reagents purified and dried by 
techniques as previously reported.' 

Proton NMR spectra for all the polymers obtained in mixtures 
of methylene chloride and hexane were obtained on 10% (w/v) 
solutions of the polymers in o-dichlorobenzene at 100 "C with 
p-dioxane as the internal standard. Spectra for all the polymers 
obtained in mixtures of methylene chloride and toluene were 
obtained on 10% (w/v) solutions of the polymers in toluene-d8 
a t  100 "C with p-dioxane as the internal standard. Triad tacticities 
were determined from the relative areas of the three a-methyl 
proton resonances. 
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ABSTRACT: Drawn poly(ethy1ene terephthalate) (PET) fibers annealed under various conditions are 
investigated by proton spin diffusion as detected through nuclear magnetic resonance. The primary objective 
is to study morphology on the 1-50-nm scale, the smaller dimensions of whicl have proved difficult to characterize 
for P E T  by conventional techniques. The spin diffusion experiment is comprised of three periods: generation 
of a magnetization gradient among different domains, relaxation of the gradient by diffusion for a variable 
time, and separate detection of the magnetization corresponding to each domain. The use of a multiple-pulse 
sequence permits spin diffusion to  be confined to the second period, resulting in enhanced resolution among 
the domains. This procedure allows the magnetization decay observed during the detection period to be 
decomposed into three components, which are assigned to mobile noncrystalline, constrained noncrystalline, 
and crystalline domains. Rates of polarization redistribution among these three components are studied as 
a function of the diffusion time. Computer modeling is carried out in order to relate these measurements 
to the spatial arrangement and size of the three components. The results quantify the increase in crystallinity 
and in crystallite size upon annealing. Information pertaining to  the structure of the noncrystalline region, 
the importance of noncrystalline chain orientation, and the relative surface areas of the crystallites is also 
presented. 

Introduction 

polymeric their 
macroscopic properties by processing. T~ design the op- 
timum treatment for a particular application requires a 

knowledge of chain structure on the 1-50-nm scale, a region 
A. PET Morphology. Much of the usefulness of which can strongly influence mechanical performance. In 

this work we characterize the local morphology of uniax- 
ially oriented poly(ethy1ene terephthalate) (PET) fibers. 
Such fibers have important structure in the 3-15-nm re- 
gime. Previous efforts to characterize this region have been 
made through a variety of measurements: small-angle and 
wide-angle X-ray scattering,'-' heat of fusionF8 den~ i ty ,~@,~  

derives from the ability to 
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infrared,l@16 nuclear magnetic resonance (NMR),l6-l9 and 
optical birefringence.16Js Interpretation of the results has 
proved difficult, however, because many of these tech- 
niques give information which either is localized within a 
repeat unit or involves an extrapolation to the local level 
from an average macroscopic measurement. Another, more 
direct means of characterization is desirable. In this paper 
we assess the use of some recently developed NMR tech- 
niques to investigate the morphology of PET samples with 
different processing histories. Areas of particular interest 
include determination of percent crystallinity, validity of 
a two-phase (crystalline/amorphous) model, size and 
spatial arrangement of the domains, and structure of the 
noncrystalline material. We will also explore the mea- 
surement of crystallite surface area through spin diffusion 
behavior. 

This research is part of a joint effort with Firestone Tire 
and Rubber Co. to examine the morphology of drawn and 
annealed PET fibers. Further details concerning sample 
preparation, physical properties, and morphological 
analysis by DSC and X-ray diffraction will be published 
separately.20 

B. Spin Diffusion Experiment. For many hetero- 
geneous solid samples NMR can be used to study domain 
sizes by monitoring spin diffusion. Common synthetic 
polymers, with their abundance of hydrogen, are candi- 
dates for such IH NMR measurements. The secular 
Hamiltonian describing the many-body proton-proton 
dipolar couplings includes a spin-exchange term. This 
term forms the basis for understanding magnetization 
transport in inhomogeneously relaxing spin systems. Spin 
diffusion is the name given to this transport process. The 
spin diffusion experiments described herein are analogous 
to heat conduction experiments in the presence of a tem- 
perature gradient where magnetization and temperature 
are the parallel quantities. 

The importance of spin diffusion in interpreting mag- 
netic resonance relaxation was recognized in the 1940~1.~~ 
More recently, efforts to determine domain sizes in solid 
polymers have been made by following 'H spin diffusion 
behavior. Most of this work has been based upon the 
Goldman-Shen experiment.2z P01yethylene:~S polyamide 
blends,24 and polyurethanesz5 all have been investigated 
by the original Goldman-Shen sequence, which exploits 
a difference in Tz's to generate the magnetization gradient 
between domains and which records the free induction 
decay (FID) during the detection period. For various spin 
diffusion times polarization in each domain is then quan- 
tified by resolving the fast and slow contributions to the 
FID. Several modifications of this sequence also have been 
developed. In their study of PET films, Cheung et a1.26 
used a difference in lH Tip's to generate the gradient and 
detected the signal during a dipolar-narrowed Carr-Purcell 
sequence,27 which effectively quenches spin diffusion 
among the protons. Packer et  a1.28 have used a T,, prep- 
aration period with detection of the free induction decay 
following an optional second selection period also based 
on 'H spin locking. In each of these experiments, the 
magnetization decay during the detection period is de- 
composed into two or three components, the relative am- 
plitudes of which are then correlated with the variable spin 
diffusion time in the laboratory frame. The rate of dis- 
appearance of the original magnetization gradient can be 
related to domain sizes by making a reasonable estimate 
of the diffusion coefficient. 

Each of the spin-diffusion experiments referred to above 
has disadvantages if applied to PET fibers. The Gold- 
man-Shen experiment is not appropriate for the exami- 

nation of PET fibers below T since the noncrystalline and 
crystalline T i s  are comparabfe. Moreover, if one attempts 
to go above Tg for an oriented PET fiber sample in order 
to provide better contrast between crystalline and non- 
crystalline Tis, the fibers change irreversibly. On the other 
hand, if one prepares magnetization gradients based on 
different intrinsic TI, behavior in different regions, then 
a certain amount of confusion results from the fact that 
spin diffusion proceeds even in the presence of a strong, 
resonant radio-frequency field, albeit the corresponding 
diffusion constant is only half that characterizing spin 
diffusion in the laboratory frame.29 For example, a T1, 
preparation period of 1 ms would result in significant spin 
diffusion over a distance of 1 nm, thus blurring structural 
features at  this level. Although this fuzziness can be ac- 
counted for to some extent in the mathematics of modeling 
the diffusion behavior, the ability to generate sharp gra- 
dients experimentally reduces both the complexity of the 
mathematical analysis and the ambiguity of the morpho- 
logical models. 

Our approach has been to use a multiple-pulse radio- 
frequency ~ e q u e n c e ~ ~ ~ ~ ~  during the preparation period. 
This accomplishes two purposes. First, magnetization 
gradients are created by different relaxation rates of the 
various domains in the sample. Relaxation under multi- 
ple-pulse schemes is related to the spectral density of 
molecular motion in the mid-kilohertz regime.31-33 In this 
respect the magnetization behavior is similar to that in the 
'H TIP experiment. The rigid crystalline regions of the 
sample relax slowly because the molecular motion is not 
centered a t  mid-kilohertz frequencies; moreover, the am- 
plitude of motion is limited. The more mobile noncrys- 
talline domains relax relatively quickly. (NMR measure- 
ments of motional rates and amplitudes in PET have been 
p ~ b l i s h e d . ~ ~ ! ~ ~ )  For some PET samples the time constants 
characterizing these exponential decays ( Tlz,'s) differ by 
2 orders of magnitude, as will be shown below. The second 
purpose in using multiple-pulse cycles during the prepa- 
ration (and detection) period is to slow spin diffusion. 
Coherent averaging t h e ~ r y ~ O > ~ l  demonstrates that the 
multiple-pulse schemes ideally result in elimination of the 
dipolar couplings among protons, which are necessary for 
spin diffusion to occur. In practice, the 'H dipolar line 
width of crystalline polymers can be reduced by 2 orders 
of m a g n i t ~ d e ~ ~ , ~ ~  using this method. Spin diffusion is then 
effectively quenched, and the magnetization gradients 
generated by mobility differences among the domains 
maintain their sharpness until the diffusion period in the 
laboratory frame begins. The suppression of spin diffusion 
during both preparation and detection also carries with 
it the advantage that heterogeneity of molecular motion 
in the noncrystalline regions may be identified and the 
corresponding domain sizes determined, even though do- 
main sizes may be very small. 

The pulse sequence we have chosen for the diffusion 
measurements is shown in Figure 1. The multiple-pulse 
scheme used in both preparation and detection periods is 
designated MREV-8%3 and may be represented as follows: 
T - P ~ - ~ - P ~ - ~  7-P-y-T-P-x-2 7-P-,-T-Py-2 T-P-y-7-Px-T 

where P, denotes a 90" pulse about the ith axis in the 
rotating frame and where T and 2~ signify pulse separa- 
tions. This sequence is diagrammed in Figure 2. Vega 
and V a ~ g h a n ~ ~  have studied the relaxation behavior for 
this eight-pulse sequence in the toggling frame (the in- 
teraction frame of reference defined by the radio-frequency 
pulses). Spin-lattice relaxation along the (101) direction 
in the toggling frame, normally one of the principal axes 
of relaxation, is characterized by the time constant Tlxz. 
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Figure 1. Pulse sequence for measuring spin diffusion rates in 
PET samples. Multiple pulse is performed during both prepa- 
ration and detection periods. The coordinate system represents 
the toggling frame of reference, in which a resonance offset 
generates an effective spin-locking field along the (101) direction. 

z i  7. i =- F - -  

' 
Figure 2. Representation of the MREV-8 multiple-pulse se- 
quence. All pulses are 90'. For average Hamiltonian theory to 
apply, the cycle time t, must be much less than lvdll-l, where llHdll 
is the magnitude of the dipolar Hamiltonian. 

If the relaxation measurement is performed with spin- 
locking and if the cycle time is sufficiently short so that 
average Hamiltonian theory applies, Tlxr obeys the fol- 
lowing  equation^:^^,^^ 

l/Tlxz = 2Ahf2r2/9rC, 

l / T l x z  = 2AM2rC/3 ,  

for 7, >> 7 

for 7, << r 

Here Ahf, represents the change in the second moment 
due to motional narrowing, r is the time characterizing the 
minimum pulse spacing in the multiple-pulse sequence, 
and T, is the correlation time of molecular motion. 
Through this analysis motional differences (both amplitude 
and frequency) among crystalline and noncrystalline do- 
mains in PET can be seen to result in different observed 
Tl,,'s. For further details concerning the specific as- 
sumptions involved in the theory of relaxation under 
MREV-8, the reader is referred to the work of Vega et 

To measure the Tlxz's accurately, the magnetization 
must be kept along the (101) direction of the toggling frame 
and must not be allowed to wander in the orthogonal plane 
(in which relaxation is faster). We typically accomplished 
this spin-locking by applying the radiofrequency 5 kHz off 
resonance, which results in an effective field of roughly 2.5 
kHz along the (101) direction. (The zero-order average 
Hamiltonian for an offset term under the MREV-8 cycle 
is proportional to ( I ,  + The 45O pulses identified 
in Figure 1 are used simply to change alignment of the net 
magnetization between the 2 axis and the (101) direction. 
Detection also is performed under multiple-pulse condi- 
tions, with stroboscopic observation in the 27 window at 
the end of each cycle. Ideally, then, spin diffusion is iso- 
lated to that time during which magnetization is aligned 
along the 2 axis and is quenched during both preparation 
and detection periods. (We note that molecular motion 
characterized by a correlation time T, = r can reduce the 
effectiveness of multiple-pulse decoupling and reintroduce 

a1.323 
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Figure 3. Proton spectra of isotropic polymers obtained from 
the Fourier transforms of free induction decays: (A) poly(ethy1ene 
terephthalate), sample N; (B) polyethylene, with 4 methyl groups 
per 1000 carbons. 

spin diffusion. In such a case the conditions for average 
Hamiltonian theory do not apply. This does not appear 
to be a significant problem for the PET samples considered 
here, since the chemical shift spectrum recorded under 
multiple pulse does not display a broad resonance corre- 
sponding to domains where multiple pulse is ineffective. 
Instead, motional differences in crystalline and noncrys- 
talline domains give rise to different Tl,,'s as predicted 
by the above equations, and spin diffusion appears to make 
only minor contributions to the behavior under multiple 
pulse.) 

Finally, we mention a few points which make PET an 
attractive polymer for spin diffusion measurements. First, 
a wide range of PET morphologies is obtainable by varying 
the processing history. An amorphous material, with 
negligible crystallinity, can be produced by rapidly 
quenching the molten polymer to room temperature. 
Through various combinations of drawing and annealing 
above -100 "C, a variety of samples of different degrees 
of crystallinity and molecular orientation can be obtained. 
Second, the 'H Ti's (at room temperature, 200 MHz) for 
our PET samples under vacuum are a t  least 2 orders of 
magnitude longer than the diffusion times necessary to 
reach equilibrium. As a result, the total magnetization is 
nearly constant during the diffusion period, which facili- 
tates modeling of its behavior. Third, the spin diffusion 
coefficients in different regions of the samples are more 
similar for PET than for many other polymers. The spin 
diffusion coefficient for a rigid lattice can be estimated 
from the second moment of the resonance obtained from 
an FID.29 Polymers whose spectra have a motionally 
narrowed sharp resonance sitting on a much broader 
background have domains whose lH spin diffusion coef- 
ficients are domain specific; moreover, the residual line 
width of the narrowed component is a less definitive 
measure of the spin diffusion constant in that component. 
Such a situation exists for isotropic linear polyethylene, 
as shown in Figure 3. In contrast, the PET spectrum 
consists of only one peak, whose full width a t  half-maxi- 
mum ranges from 28 kHz for an isotropic amorphous 
sample to 38 kHz for our most highly crystalline sample. 
A single diffusion coefficient is then sufficient to charac- 
terize all domains in the PET samples, a condition which 
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Table I 
Poly(ethy1ene terephthalate) Samples 

desig history 
C 
D257-0 
D200-22 
D200-0 
Q unoriented amorphous film, quenched 
N 

control, oriented fibers, X = 5.6 
oriented fibers, 257 "C annealed 
oriented, 200 "C annealed, free shrinkage 
oriented, 200 "C annealed, no shrinkage 

unoriented, quenched, 240 "C annealed 

simplifies the modeling considerably. 

Experimental Section 
A. Samples. The PET samples used in this work were sup- 

plied by Firestone Tire and Rubber CO.~O A list of sample des- 
ignations and histories is given in Table I; the aw of the material 
is approximately 45 000. Oriented fibers were obtained by ex- 
trusion from the melt, followed by elongation to a draw ratio of 
5.6 by rollers operating at 110 "C. Sample D257-0 was annealed 
at 257 "C for 2 min under slight tension so that no shrinkage 
occurred. D200-0 was similarly annealed at 200 "C. D200-22 was 
annealed at 200 O C  for 5 min without a constraint on length; final 
shrinkage was 22 % . Sample N was an unoriented sample annealed 
under vacuum at 240 "C for 17 h. Each oriented sample of the 
PET fibers was prepared by loading fiber bundles into holes cut 
into a cylindrical poly(tetrafluoroethy1ene) holder. These holes 
were transverse to the cylinder axis. After cutting each fiber 
bundle so that it was contained within the cylinder circumference, 
the assembly was loaded into a 5-mm-diameter NMR tube and 
sealed under vacuum. 

B. NMR Experiments. All measurements were performed 
on a Bruker CXP-200 spectrometer;l operating at 200 MHz for 
protons. Several descriptions of the design and operation of 
multiple-pulse spectrometers exist in the l i t e r a t ~ r e . ~ ~ - ~ ~  Our 
modifications included resistive damping of the probe circuit and 
use of a variable-pitch We found the most satisfactory 
tuning procedure for adjustment of the relative amplitudes and 
phases of the quadrature radio-frequency components to be that 
given by Burum, Linder, and Proper spectrometer tuning 
was verified by obtaining a scaling factor close to the theoretical 
value of 0.471,% a line width for the spectrum of calcium formate 
in good agreement with published res~lts,4~ and a magnetization 
decay of a T,,, experiment on a liquid which occurs more slowly 
than does the free induction decay.32 The flatness of the receiver 
gain was verified by broadcasting a weak 200-MHz CW ratio- 
frequency signal from an antennal source a few centimeters from 
the coil and observing that the detected signal was constant during 
the application of the MREV-8 sequence. 

Results 
A. Proton Spin-Lattice Relaxation Measurements. 

A parameter which is often difficult to establish in PET 
fiber samples is the percent crystallinity. Since the 
crystallites in PET have chains with restricted mobility 
relative to those in noncrystalline an estimate 
of the fraction of rigid segments should correlate well with 
the percent crystallinity. In the absence of spin diffusion, 
the long Tlxz component represents the more rigid chains; 
its fraction therefore is identified with the fraction of 
crystalline material present in the sample. Examples of 
Tlxz decay curves are shown in Figure 4. The annealed 
film is expected to have more crystallinity than the control 
sample, and this is reflected qualitatively in a larger 
amount of slowly relaxing component. The pulse sequence 
for determining the Tlxz behavior is equivalent to that in 
Figure 1, if the preparation and spin diffusion periods are 
eliminated. Since magnetization equilibrium prevails a t  
the start of the experiment, the spin temperature is uni- 
form. This equilibrium situation also should exist for the 
pulse sequence in Figure 1 when the diffusion time is 
sufficiently long that the magnetization gradient is erased. 

Two features of the decay curves in Figure 4 deserve 
additional comment: the oscillation which occurs during 

CONTROL 

(C ' 12 
73 1 25 

ANNEALE3 c lLW -- T,xz 

3 4  / : u  
I Oi0 

25 
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.- 

-- 
_ J  T X ^ C  

Figure 4. Measurement of Tl,,'s under equilibrium conditions. 
The pulse sequence is equivalent to that of Figure 1, with prep- 
aration and diffusion periods absent. The tables at the right 
indicate the decomposition of the decays into a sum of three 
exponentials. Base line values, corresponding to zero net 
magnetization, are given at the end of each decay. 

the first few milliseconds and the base line at the end of 
the decay which represents a zero magnetization level. The 
oscillation arises from magnetization which is orthogonal 
to the spin-locking field direction in the toggling frame 
((101), for a sufficiently large resonance offset). The os- 
cillations occur a t  the scaled chemical shift frequencies; 
these oscillations complicate treatment of the data since 
they are present for the first -30 points of the decay. We 
minimized the amplitude of the oscillation by changing the 
length of the ''450Y" initial pulse and found this procedure 
to be preferable to the adding and subtracting of decays 
with different prepulses, as suggested by Vega and Vau- 
ghan.32 More recently (after results for the PET samples 
had been modeled), we have succeeded in eliminating the 
oscillation completely by using a composite pulsem to ro- 
tate the magnetization from the (001) direction to (101). 
The composite pulse permits a canceling of the phase 
transients which cause deviation of the magnetization from 
the X Z  plane during a single -Y prepulse. Comparison 
of the results obtained by decomposition of decays with 
and without oscillations into a sum of exponentials indi- 
cates that the presence of the oscillation does not signif- 
icantly distort the quantitative fit for the PET samples. 

The second point with respect to Figure 4 concerns 
determination of the base line for the TI,, decay. It is 
important to obtain an accurate estimate of this level since 
both the value of the long Tlxz and the percentage of 
material contributing to the long component are dependent 
upon the final base line chosen. After approximately 100 
ms of decay under multiple pulse, the magnetization is 
saturated by applying - 100 successive 90' pulses, sepa- 
rated from each other by 100 ps and characterized by the 
same phase. The multiple-pulse sequence then is switched 
on again, and the signal is digitized at  the end of each cycle. 
In this fashion the base line is established under the same 
conditions as the Tlxz decay. The flatness of the level also 
verifies the stability of the base line during MREV-8 cycles. 

Decays such as those presented in Figure 4 are theo- 
retically a sum of  exponential^,^^^^^ each with a separate 
time constant and amplitude. This distribution arises from 
the range of molecular motions present in a heterogeneous 
sample such as PET, along with possible orientation de- 
pendences. A sum of three exponentials, each with inde- 
pendently optimized amplitude and time constant, was 
selected as the simplest form which could accurately fit 
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Table I1 
Decomposition of TI,, Decays 

Tlxrr ms % 

sample 1 2 3 1 2 3  
2.6 8.9 26 35 50 15 
3.4 12 71 33 41 26 

Q 
C 
D200-22 3.7 16 120 32 34 34 
D200-0 3.0 12 95 29 37 34 
D257-0 3.8 14 160 26 31 43 
N 3.2 15 280 24 29 47 

the data. For all samples, the agreement between calcu- 
lated and observed magnetization intensities is within 1% 
over the time range 0-100 ms. Fitting with a sum of two 
exponentials results in noticeably worse agreement in the 
20-ms region and in greater fluctuations in the total cal- 
culated magnetization for different spin diffusion times 
in the experiment in Figure 1. Certainly, a distribution 
of exponentials with more than three values could only 
improve the fit to the data. On the basis of data which 
we have now, a unique form of the distribution cannot be 
claimed. A sum of three exponentials is used because it 
gives a good fit to the data, is physically reasonable, and 
is interpretable in a straightforward fashion. The nonlinear 
least-squares analysis of decays for all samples is presented 
in Table 11; values given here are averages of two inde- 
pendent experiments. 

Other proton spin-lattice relaxation measurements, in 
both the rotating and laboratory frames, are given in Table 
111. Here T1 e refers to the relaxation time for magne- 
tization spin-focked along a radio-frequency field which 
makes an angle 8 with the static magnetic field direction. 
Therefore, TlpW indicates the conventional spin-lattice 
relaxation time measured on resonance in the rotating 
frame. T1,54,7 refers to spin-lattice relaxation detected 
under Lee-Goldburg  condition^,^^ so that spin diffusion 
is slowed. By comparing the data in Tables I1 and 111, it 
is clear that for the long time constants in all samples Tlpw 
< TlPu.' < T,,,. We would like to suggest that this trend 
results in large part from progressive improvement in the 
quenching of spin diffusion. The TlPw experiment involves 
a reduction of the diffusion rate in the laboratory frame 
by a factor of 2;29 the T1,54,7 measurement should com- 
pletely eliminate diffusion but does not since the magic- 
angle condition cannot be satisfied simultaneously for all 
protons; and the T,,, does the best job. In comparing 
values of the time constants, one must account for their 
different dependences on radio-frequency field strength, 
second moments, and correlation times. Published for- 
m u l a ~ ~ ~  allow this to be done for the Tlpe's, and after 
analysis it is clear that spin diffusion is quenched more 
effectively in the T1pu.7 case than in the TlPw. The formula 
is less clear in the Tlxz case. Evidence that the multiple- 
pulse sequence does, in fact, quench spin diffusion most 
effectively comes from the observation that only two 
components are sufficient to fit the T1054.7 decays. The two 

3 6 ,  33 
15 j 3' 

37 25 

- =  

Figure 5. Representative spin diffusion measurement for sample 
C. The pulse sequence used is that given in Figure 1, with a 2 4 m s  
preparation period. The diffusion times in the laboratory frame 
are given at the left. 

fastest TLrz contributions are blurred by spin diffusion into 
one average component for both the Tlp and T1,54,7 mea- 
surements. 

B. Spin Diffusion Measurements. Magnetization 
decays for sample C are shown in Figure 5 for three times 
during which spin diffusion in the laboratory frame was 
permitted. The pulse sequence is that given in Figure 1. 
The preparation period under MREV-8 was 24 ms in 
length, and the applied radiofrequency was 5 kHz above 
resonance. As seen in Figure 5, for short diffusion times 
a large fraction of the magnetization exists in rigid regions 
characterized by the long Tlzz. Magnetization in the 
mobile regions is depleted during the preparation period. 
Longer diffusion times result in more magnetization being 
transferred to the short TI,, components. Only a redis- 
tribution of polarization is involved; the total magnetiza- 
tion remains constant over the time required for spin 
diffusion to equilibrate the domain temperatures. This 
is true both for the experimental data and for the calcu- 
lated fit based on the sum of three exponentials. 

Complete spin diffusion data for sample N are presented 
in Table IV. Similar data were recorded for the remaining 
samples. An important observation is that for diffusion 
times on the order of 100 ms the decomposition of the 
decay agrees with the equilibrium decomposition given in 
Table 11. This behavior confirms that the fast parts of the 
decay are intrinsic properties of the sample and do not 
reflect macroscopic regions (e.g., near the ends of the 
sample coil) where the multiple-pulse sequence could be 
less effective. If the latter possibility were true, the 
magnetization which would decay quickly because of in- 
strumental problems could not be replenished in 100 ms 
by spin diffusion from regions which are separated by 
macroscopic distances. I t  could be restored only through 

Table I11 
Proton Spin-Lattice Relaxation Times for PET Samples 

rotating frame 

lab frame TlpSO/ ms TI?,* ms 

sample 1 2 % 1  % 2  1 2 % 1  % 2  TI, 
5.4 100 0 5.3 17 56 44 6.8 
4.5 15 40 60 6.0 43 54 46 6.5 

Q 
C 
D200-22 4.7 21 44 56 6.3 62 48 52 8.5 
D200-0 5.4 21 48 52 7.1 66 52 48 8.1 
D257-0 7.0 40 51 49 5.8 80 44 56 9.5 
N 6.1 39 46 54 7.3 128 47 53 11.5 

"Radio-frequency field strength of 65 kHz. *Radio-frequency field strength of 80 kHz. 
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Table IV 
Spin Diffusion Measurements for Sample N 

TI,,, ms ?& 

diff time, ms M(0) 1 2 3 1 2 3 
0.3 20714 3.9 23 357 6 14 80 
1 20732 3.4 19 347 8 15 77 
3 20665 3.7 18 345 12 16 72 
6 20885 3.3 16 339 15 20 65 

10 20728 3.7 17 340 18 21 61 
20 20318 4.3 17 340 21 24 55 
35 20934 3.2 15 290 23 27 50 
60 20615 3.7 16 298 25 27 48 

100 20628 3.7 16 299 25 28 47 
150 20887 3.3 14 276 24 29 47 
200 21106 3.2 14 271 24 29 47 

ma 3.2 15 279 24 29 47 

a Equilibrium. 

the TI process, which for these PET samples occurs on the 
order of 10 s. 

The trend seen in Table IV of generally longer Tlx,’s 
determined for short diffusion times is observed 
throughout the sample set. The most reasonable expla- 
nation for this behavior recognizes that the decay curves 
represent a distribution of exponentials, as would be ex- 
pected from the known existence of motional heterog- 
eneities in semicrystalline polymers. Our fitting procedure 
demonstrates that the range of exponentials can be ap- 
proximated well by considering a trimodal distribution. 
The three Tlxr values reported €or each decay then rep- 
resent the centers of the distributions but do not imply 
that the relaxation rate within each of the three domains 
is entirely homogeneous. With such a trimodal distribution 
the preparation period discriminates against the shorter 
time constants in each domain, causing the centers of the 
distributions to be shifted to longer values. Short spin 
diffusion times are insufficient to reestablish the equilib- 
rium values of the time constants. These considerations 
are particularly important for the noncrystalline material, 
since the preparation of 24 ms can distort the distribution 
of the short time constants more effectively than it can 
distort that of the long. To the extent that some variation 
in mobilities is allowed within each region, it is also rea- 
sonable that the more mobile crystalline material is in 
closer proximity to the noncrystalline regions and therefore 
would experience preferential depletion at  short spin 
diffusion times. Using similar arguments, we suggest that 
the more rigid chains in the two noncrystalline regions 
would be the fiist to receive polarization via spin diffusion 
immediately following the preparation period. These ef- 
fects would result in longer time constants being observed 
at short spin diffusion times. 

C. Modeling of Spin Diffusion. To obtain informa- 
tion concerning the size and spatial arrangement of do- 
mains with different Tl,,’s, it is necessary to model the 
rates of equilibration exemplified by Table IV. The 
equation which describes the spin diffusion process and 
the continually changing magnetization gradient is given 
as follows: 

aM(r‘,t)/at = D(WM + R(A(M,, - M) 

where M represents the magnetization concentration and 
is a functon of the spatial coordinates r‘ and the time t ,  Meq 
is the equilibrium magnetization concentration, D is the 
diffusion coefficient, and R is a parameter characterizing 
the contribution of TI processes to aM/dt. This equation 
describes classical diffusion with contributions from dis- 
sipative processes accounted for by the R term; it is derived 
in standard texts on heat c o n d ~ c t i o n . ~ ~ , ~ ~  By considering 
diffusion at short times in one dimension from an extended 

2 
I I 

! 
M-+ial  / A i  c / A  
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Figure 7. Diffusion profiles for sample N, calculated by nu- 
merically solving the diffusion equation in one dimension. The 
profiles are based on model 1 of Figure 6. The magnetization level 
is plotted on the ordinate. The abscissa is divided into crystalline, 
constrained noncrystalline, and mobile noncrystalline domains, 
whose sizes are indicated by the lengths of the solid horizontal 
lines which also represent the initial magnetization gradient (7 
= 0.3 ms). Diffusion times are given on the right. 

where r denotes an interface and the symbol lr+ indicates 
a limiting value taken from the right (above) if the in- 
terface is vertical (horizontal) and IF- is the corresponding 
value taken from left (below). The continuity condition 
on magnetization is physically reasonable for all diffusion 
times t > 0. The second relation refers to flux continuity 
a t  the interfaces. This condition stipulates that the in- 
terfaces cannot act as independent sources or sinks of 
magnetization. 

Initial conditions must also be required for a numerical 
solution to the diffusion equation. Knowledge of the 
magnetization level in each domain at  an early time in the 
diffusion experiment is desirable. We estimate these levels 
by considering the decomposition of a Tlx. decay accu- 
mulated after a short (300 ps) period of spin diffusion. The 
magnetization integrals which are obtained from the de- 
composition must then be converted into magnetization 
levels by considering the relative domain sizes from Table 
11. Because the gradients at t = 300 ps are assumed to be 
perfectly sharp, calculated magnetization levels a t  short 
diffusion times ( I1  ms) may be incorrect. For this reason 
t = 3 ms is the first diffusion time for which agreement 
between calculated and experimental results is used to 
judge the validity of the model. 

The relaxation term in the diffusion equation is char- 
acterized by a rate R, which is different for each of the 
domains in the model. R represents the rate of recovery 
of magnetization due to laboratory-frame spin-lattice re- 
laxation. For the PET samples under study all proton Tl's 
are a t  least 2 orders of magnitude longer than the time 
required to equilibrate spin temperatures in the three 
domains (cf. Table 111). Therefore, all R values are small 
and have little effect on the solutions of the diffusion 
equation. For heterogeneous polymers with substantially 
shorter Ti's, the determination of accurate R values for the 
different domains is an important part of modeling the 
morphology by spin diffusion. 

2. Solutions. With the foregoing information, one can 
calculate a numerical solution to the diffusion equation, 
with magnetization profiles given for various diffusion 
times. Numerical solutions were obtained through DISPL, 
a software package written by Leaf et al. at Argonne Na- 
tional labor at or^.^^ Representative results for sample N 

X EXPERIME\-A 

- Ce-CbLA't 

Figure 8. Comparison of calculated and observed diffusion for 
sample N. Calculations are based on the one-dimensional models 
of Figure 6. Magnetization levels are plotted on the ordinate, with 
the dashed lines indicating the equilibrium levels. 

are shown in Figure 7. Here the magnetization level is 
given in arbitrary units as a function of position. The 
calculation is based upon the first (one dimensional) model 
of Figure 6. The magnetization levels a t  300 ps are rep- 
resented by the solid horizontal line segments in Figure 
7. After longer diffusion times the gradients are attenu- 
ated, until finally a uniform magnetization density exists 
throughout the sample. (The intersection of the diffusion 
profiles a t  a single point is consistent with the behavior 
of an extended source of infinite extent.53) 

For each model under consideration, the calculated 
magnetization integral and average magnetization level for 
each domain can be compared to those from experimental 
observation. Agreement over the entire range of diffusion 
times is expected. For convenience, the single parameter 
which was varied to improve the fit was the diffusion 
coefficient D,  rather than a scaling factor for the domain 
dimensions. From this best-fit value of D (indicated by 
D*), the scaling factor for the domain dimensions was 
determined. The relationship between D and x dictates 
that an increase in D by a factor f is equivalent to scaling 
x by f - l12  at  constant D. 

Values of the diffusion coefficients were varied in steps 
of 0.5 X cm2/s, and those which fit the experimental 
data best were selected for the calculations of domain size. 
In order to convert this scaling factor to real dimension, 
the value of D appropriate to PET was estimated. By 
taking the diffusion coefficient of polyethylene (PE) to be 
6.2 X cm2/s58 and by assuming that the diffusion 
constant should scale as the concentration of protons to 
the 1/3  power, a reasonable estimate of 5.0 X cm2/s 
is obtained for the diffusion coefficient of PET. For the 
two-dimensional model D was varied independently in 
both dimensions. With DISPL it is also possible to specify 
different D's for the various domains. While this flexibility 
is not required for PET, it would be necessary for any 
polymer which exhibits a strong contrast in T2 behavior. 

Figure 8 shows the best fit obtained between observed 
and calculated magnetization levels for sample N. The 
first model of Figure 6 was used to establish conditions on 
the diffusion equation. The agreement in Figure 8 suggests 
that the first model is a good representation of the ann- 
ealed film morphology. However, the plot on the right is 
for the average of the short TI,, components; the agree- 
ment for each of the individual constituents is not nearly 
so good, as seen in Figures 10 and 11. This indicates that 
the noncrystalline domain structure is not well represented 
by the first model. In Figures 9-11 the best fits for all 
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TablgV 
PET Domain Sizes for One-Dimensional Models 

d o m a i n  size, nm 
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Figure 9. Plot of percentage of magnetization contributing to 
the long Tl, as a function of diffusion time. Experimental data 
are for sample D257-0. The curves represent the best fits for 
calculated results for the three models. 
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Figure 10. Plot of percentage of magnetization contributing to 
the intermediate Tkz as a function of diffusion time. Experimental 
data are for sample D257-0. The curves represent results cal- 
culated from the same parameters as those used in Figure 9. 
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Figure 11. Plot of percentage of magnetization contributing to 
the short T,,, as a function of diffusion time. Experimental data 
are for sample D257-0. The curves represent results calculated 
from the same parameters as those used in Figure 9. 

three components are shown for each of the models. Here 
magnetization integrals are presented for D257-0. Similar 
behavior also is exhibited by the other samples. Figure 
9 indicates that all these models provide equally good fits 
to the dependence of the amount of rigid component on 
diffusion time. The diffusion coefficients were optimized 
for this component and then held fixed. Figures 10 and 
11 depict the behavior of the noncrystalline regions of the 
sample and allow differentiation among the models in 
terms of quality of fit. The worst agreement between 
observed and calculated recovery is obtained for the first 
model. The two-dimensional model provides a slightly 

samale D* L. nm xtal inter amorDh % xtal 
C 16.0 11.2 2.9 2.3 3.7 26 
N 8.0 15.8 7.4 2.3 3.8 47 
D257-0 7.5 16.4 7.1 2.6 4.1 43 
D200-22 15.0 11.6 3.9 2.0 3.8 34 
D200-0 13.0 12.4 4.2 2.3 3.6 33 

Table VI 
PET Domain Sizes (nm) for Two-Dimensional Model 

xtal - inter - amorph long long 
sample r r z r z % xtal period r period z 

C 2.9 8.3 4.4 8.3 3.6 26 11.2 8.0 
N 7.4 8.4 6.2 8.4 5.0 47 15.8 11.2 
D257-0 7.0 9.4 6.4 9.4 5.2 43 16.4 11.6 
D200-22 4.0 7.6 4.0 7.6 4.2 34 11.6 8.2 

Table VI1 
Percent Crystallinities 

lit. valuesb 
sample NMR DSC" p" WAXS" DSCe p c  WAXS 

C 26 46 42 54 13 28d 
N 47 
D257-0 43 48 54 39' 
D200-22 34 42 47 65 39f 
D200-0 33 46 50 65 47 43 41d 

Reference 20. bThese values correspond to samples whose 
treatment was similar to those used in this study. cReference 5. 
dReference 55. eReference 8. 'Reference 18. 

Table VI11 
Long Periods (nm) 

lit. 
val- 
uesb 

L ax L transverse L ax L 
sample NMR SAXS" SAXS" SAXS 

C 11.2 16.1 8.7 17.5' 
D257-0 16.4 17.9 13.6 18.4d 
D200-22 11.6 14.1 17.0 13.2O 
D200-0 12.4 15.5 11.1 12.2d 

OReference 20. bThese values correspond to samples whose 
treatment was similar to those used in this study. Reference 12. 

better fit than the second, especially in the early diffusion 
time regime. 

Once the optimum value of the diffusion coefficient has 
been found for each of the models, the domain sizes can 
be calculated directly. This information is presented in 
Table V for the two one-dimensional models. Despite the 
observation from Figures 10 and 11 that the second model 
fits the experimental values considerably better than does 
the first, the optimum agreement for both models occurs 
for the same diffusion coefficient. The calculated domain 
sizes then are the same for the two linear models, although 
the spatial arrangements are different. The quantity la- 
beled L in Table V is the structural repeat distance in the 
models and corresponds to twice the distance enclosed by 
the dashed boundary lines in Figure 6. This number is the 
analogue of the long period determined by small-angle 
X-ray scattering. In Table VI results from the two-di- 
mensional model are shown. The letter r represents the 
horizontal direction in Figure 6; z represents the vertical. 
Diffusion coefficients were optimized independently for 
each of the dimensions. 

We are now able to compare the crystallinity and 
long-period results from NMR with those from X-ray, 

Reference 5. eReference 6. 
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magnetization to diffuse into noncrystalline regions. The 
amount of magnetization which flows via spin diffusion 
during a time t into the noncrystalline domains is desig- 
nated AMNC(t), where AMNC(t) = MNC(t) - MNc(0). For 
short diffusion times AMNc(t) is directly proportional to 
the size of the initial magnetization gradient (at time t = 
0), to the surface area though which diffusion occurs, and 
to some function of time which characterizes the diffusion 
rate. We can formulate this relationship as 

AMNC(t) Q: [@(O) - fiNc(0)]Af(t) 
where @(O) represents the crystallite magnetization level 
(total magnetization in the crystallites divided by the 
fraction crystallinity) at time 0, A is the total surface area 
of the crystallites in a given volume, andf(t) represents the 
time dependence of noncrystalline magnetization growth. 
As shown in the following section, f ( t )  is proportional to 
t1/2 for sufficiently short diffusion times, but the specific 
functional form of f ( t )  is not critical in determining relative 
surface areas. The important factor is that we consider 
only those diffusion times short enough so that the same 
f ( t )  applies equally well for all samples-in other words, 
so that differences in domain sizes do not cause variations 
in the rates of propagation of the magnetization fronts. 
Thus, the diffusion times used in the analysis must be 
shorter than the time required for two diffusing magne- 
tization fronts to meet in the middle of either crystalline 
or noncrystalline domains. If this condition is met, the 
crystallite surface areas of two samplts can be compared, 
since both AMNC(t) and [W(O) - MNc(0)] are experi- 
mentally measurable. Slopes of plots of MNC(t) vs. t1 /2 can 
be ratioed (after appropriate corrections) to yield the de- 
sired surface area information. 

2. Justification. The crystalline/noncrystalline fin- 
ite-phase system corresponds to the one-dimensional la- 
mellar models presented in Figure 6, if the two noncrys- 
talline regions are assumed to be indistinguishable. 
Crank53 has solved the diffusion equation analytically for 
such a system; the following conditions describe the situ- 
ation. The magnetization is present initially only in the 
crystalline region with a concentration C,. This region 
extends from x = 0 to x = h. The magnetization diffuses 
a t  times t > 0 into the noncrystalline region of width 1 - 
h, which has an initial concentration of 0. Reflecting 
boundary conditions are applied at x = 0 and x = 1 such 
that dC/dx = 0, where C = C(x,t) is the concentration of 
magnetization. The profile of concentration after diffusion 
has occurred for time t is given as 
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Figure 12. Representation of the morphology of two PET fibers. 
Results are calculated from a two-dimensional solution to the 
diffusion equation. Both vertical and horizontal directions are 
drawn to the indicated 10-nm scale. Region C has infinite di- 
mension in the vertical direction. 

DSC, and density measurements. These data are shown 
in Tables VI1 and VIII. Values obtained from the liter- 
ature for similarly treated samples are also presented. The 
NMR crystallinities are regarded as the fractions of the 
long T,,, component recorded in decays from equilibrium 
under multiple pulse. The NMR long periods apply to 
both the one- and two-dimensional modeling results for 
the repeat distance between consecutive crystalline la- 
mellae. Finally, we present in Figure 12 schematic draw- 
ings of the morphology for two of the PET fibers, calcu- 
lated from the spin diffusion results. The models are 
drawn to scale and represent the best fit to the experi- 
mental data for the simplified block structures which we 
have considered. On the basis of experiments which we 
will not detail here, the crystallinities as determined by 
NMR are considered to be accurate to within f 5 % .  A 
reasonable estimate of the uncertainty in domain sizes is 
h0.6 nm. 

D. Relative Crystallite Surface Areas. The inter- 
faces between different domains in a heterogeneous 
polymer can influence much of its macroscopic behavior, 
yet the detailed nature of the interface, as well as the area 
it covers, is typically difficult to characterize. For the PET 
fibers considered here, we would like an estimate of the 
crystalline/noncrystalline surface area in a given volume 
of sample. On a relative basis such information can be 
extracted from the initial magnetization recovery as a 
function of spin diffusion time. Thus, the ratios of crys- 
tallite surface areas for different samples can be correlated 
with annealing treatment. Since we are interested pri- 
marily in relative surface areas of the crystallites, a two- 
phase, crystalline/noncrystalline model suffices. The two 
short Tlxz fractions are summed to comprise the non- 
crystalline component. This simplification allows exact 
analytical solutions to be used in dealing with the spin 
diffusion behavior. We first summarize our approach to 
the problem and follow this with a more rigorous justifi- 
cation of the procedure. Finally, we present the experi- 
mental observations. 

1. Summary of Approach. After preparation of a 
magnetization gradient under multiple pulse, the higher 
level of polarization present in the crystallites causes 

h + 2nl-  x h - 2nl+ x + erf 
2(Dt)1/2 2(Dt)'l2 

where erf z is the error function, defined by 

The experimental observable of interest is AMNc, which 
in this case is equal to SdC dx. From the above expression 
for C ,  it is clear that AMNc is directly proportional to C,, 
the initial size of the magnetization gradient. I t  is also 
readily apparent from the nature of the model that hMNc 
scales directly with the amount of surface area through 
which diffusion occurs. Unfortunately, the time depen- 
dence of aMNc is less easily evaluated, since it involves the 
integral of an infinite series of error functions. 

To simplify matters somewhat, we consider the following 
system, whose behavior will be identical with that con- 
sidered above for sufficiently short diffusion times. Just 
before diffusion begins ( t  = 0), the magnetization is dis- 
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tributed such that C = Co for all x 5 0 and C = 0 for all 
x > 0. Under these conditions the solution to the diffusion 
equation is given by53 

C(x,t)  = o.5c0 erfc x/2(Dt)l12 

where the error-function complement, erfc z,  is defined by 

erfc z = 1 - erf z = (2/n112)c(lme-"' dq 

Now the integral representing the total noncrystalline 
magnetization becomes more tractable: 

AMNC(t)  = J m C ( x , t )  dx = Co(Dt/a) 'I2 

From this result it is clear that for short diffusion times 
(before the magnetization fronts feel the finite sizes of the 
domains) the noncrystalline magnetization grows with t1I2. 

A remaining question is how long this t1I2 dependence 
can be expected to apply in a system with finite domain 
sizes, such as the one-dimensional, crystalline/noncrys- 
talline model. A reasonable approximation is that the t112 
behavior will be observed until two magnetization fronts 
diffusing in opposite directions meet in the center of either 
the crystalline or noncrystalline domains. (Unfortunately, 
the magnetization front is a somewhat nebulous quantity, 
since it becomes increasingly diffuse as time progresses. 
This tends to make the deviation from t112 behavior a 
gradual one, but we feel that the meeting of fronts offers 
a useful guide to the point at which this deviation becomes 
considerable.) The front position can be defined by the 
root mean square displacement, ( x 2 ) l 1 2 ,  which is in turn 
defined by 

0 

( x 2 )  = L m x 2 C  d n / I m C  0 dx 

Using the above expression for C in terms of the error- 
function complement and again being restricted to short 
diffusion times, we can integrate by parts and obtain 

( x 2 )  = (4/3)Dt 

This result can be compared with the well-known solution 
for an instantaneous &function source, which has been 
used in previous spin diffusion studies:26B28 

( x 2 )  = 2Dt 

Estimates of finite domain size based on this latter formula 
are probably too large. Using the first formula and as- 
suming a diffusion constant of 5.0 X cm2/s, we cal- 
culate that in 4 ms the magnetization front will move 
roughly 1.6 nm, while in 20 ms of diffusion it will move 
-3.7 nm. These dimensions are approximately half those 
of the thinnest dimension in samples C and N (see Table 
VI). Therefore, we can expect that the magnetization 
recovery in the noncrystalline regions will be linear in t1/2 
for a t  least the first 4 ms with sample C and for -20 ms 
with sample N. After these times the magnetization fronts 
should meet, and the rate of growth of AMNc will be re- 
duced. 

3. Experimental Results. Plots of magnetization in 
the noncrystalline domains vs. t112 are shown in Figure 13 
for two PET samples. The horizontal dashed lines indicate 
the equilibrium level of noncrystalline magnetization. The 
experimental points appear to be linear with t112 out to 
roughly 10 ms, at  which point the rate of growth slows. 
The broadening of the magnetization fronts with increased 
diffusion time is probably responsible for the absence of 
sharp deviations from linearity after 4 and 20 ms of dif- 
fusion, as expected from the calculations in the previous 
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Figure 13. Plot of the percentage of magnetization contributing 
to the two short T,, components as a function of the square root 
of the diffusion time. The slopes at early times yield information 
concerning the relative crystallite surface areas. 

Table IX 
Relative Surface Areas from M vs. t 1/2 Plots 

model 
sample measd slope corr factor AIA,  AIA,  AIA," 

C 13.7 0.59 1.0 1.0 1.0 
N 7.8 0.75 0.72 0.71 0.73 
D257-0 8.0 0.72 0.71 0.68 0.70 
D200-22 13.3 0.56 0.92 0.97 0.97 
D200-0 13.3 0.61 1.0 0.90 

the two-dimensional calculations. 

section. Nevertheless, the linearity with t112 for the first 
several milliseconds of diffusion is properly predicted and 
observed, as is the ultimate deviation from linearity due 
to finite domain size. 

Relative crystallite surface areas can be obtained from 
the slopes of the linear sections of such plots. Rewriting 
the earlier proportionality, we have 

Slopes determined from magnetization integrals resulting from 

= KAt'/2 MNC(t) - MNC(0) 
AF(0) - A") 

where K is a proportionality constant which is the same 
for all samples a t  short diffusion times. What has been 
measured experimentally and plotted along the ordinate 
of Figure 13 is 

where xc represents the mass fraction crystallinity. 
Therefore, the slopes obtained from Figure 13 must be 
multiplied by a correction factor 

so that the corrected slopes are directly proportional to 
A with K as the sample-independent proportionality 
constant. All parameters in this expression are determined 
experimentally by procedures described earlier. The 
correction factor accounts for different total magnetizations 
existing after the preparation period and for different 
initial gradients among the various samples. 

The surface area data are compiled in Table IX. Ex- 
perimental surface area ratios relative to sample C are 
presented, as are ratios calculated from the best fits of the 
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one-dimensional models. The final column consists of 
surface area ratios obtained by measuring slopes for 
magnetization integrals calculated from the two-dimen- 
sional modeling. For optimum fits of the two D* param- 
eters (one for each dimension), the magnetization in the 
noncrystalline domains was calculated for several diffusion 
times by numerically solving the diffusion equation and 
was plotted as if it  were experimental data. The slopes 
of the calculated aMNC(t) vs. t1I2 curves were measured 
and corrected, just as they had been for the experimental 
data. The relative surface areas determined in this fashion 
should also agree well with those calculated directly from 
the one-dimensional model if the outlined approach to 
measuring relative surface areas is valid. While agreement 
between the surface areas derived from the experimental 
and calculated AMNC@) vs. t1I2 curves is expected from the 
fact that the models (particularly the two-dimensional 
model) fit the data, it is gratifying that this internal con- 
sistency can be demonstrated. However, we emphasize 
that for short diffusion times, the relative surface area 
measurements do not rely on a particular model of the 
morphology. 

Discussion 
Since this work is based on the decomposition of Tlxz 

decays, it is important to understand what each component 
of the decays represents in terms of polymer structure. We 
mention first that little or none of the multicomponent 
character of the decays is generated by a difference in 
relaxation behavior beteen aromatic and aliphatic protons. 
Both the decomposition percentages of Table I1 and the 
recovery rates of Table IV are inconsistent with this 
possibility. In particular, after preparation of the 
magnetization gradient, up to 10 ms of diffusion is required 
for the two shortest Tlxz components to attain their 
equilibrium ratio. This is considerably longer than would 
be expected if these components were due to aromatic and 
aliphatic protons, which are separated only by fractions 
of a nanometer and therefore should equilibrate quickly. 
Furthermore, English35 has analyzed rotating-frame re- 
laxation for PET in which hydrogens on the aliphatic 
carbons have been replaced by deuterium and for PET 
with aromatic hydrogens replaced by deuterium. In this 
way it is possible to approximate the intrinsic relaxation 
behavior for aliphatic and aromatic protons. At  room 
temperature the ‘H Tlis determined at 50 kHz are roughly 
the same (on the order of 10 ms) for both aromatic and 
aliphatic protons.35 It is perhaps more for this reason that 
the Th,(s of aliphatic and aromatic protons fail to generate 
the multicomponent character of the decay under multiple 
pulse. We can then assign the Tlxz components to mot- 
ionally distinct regions of the polymer. Some care in the 
assignments is necessary, however, because of the well- 
known fact that more efficient NMR relaxation does not 
necessarily imply a higher frequency of motion.29 As 
mentioned earlier, relaxation rates are determined by both 
spectral densities and amplitudes of relevant motions. 
English35 has studied motions in PET through analysis of 
proton line shapes and spin-lattice relaxation over a wide 
temperature range. He concludes that the relaxation in 
both rotating and laboratory frames is dominated by 
high-frequency motions whose amplitudes change consid- 
erably with temperature. From these results we surmise 
that amplitude differences are responsible in large part for 
the multicomponent nature of the TIXZ decays. Larger 
amplitude motions would be expected in regions with 
greater free volume. This picture is consistent with as- 
signing the short TIIr  to a mobile noncrystalline, or 
“amorphous” region, the intermediate TI,, to a constrained 
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noncrystalline region, and the long Tlxz to a crystalline 
region. More concrete support for the crystalline/non- 
crystalline assignments comes from two observations. 
First, the quenched sample (Q) is characterized by short 
Tlxz’s, as indicated in Table 11. Samples prepared in this 
fashion are thought to be amorphous in nature; they ex- 
hibit no crystallinity by X-ray diffraction. Second, an- 
nealing above T is known to induce crystallization in PET 
fibers. A clearfy defined increase in the long TI,. com- 
ponent occurs simultaneously, again shown in Table 11. 

With the relationship established between components 
of the TI,. decay and domains in the samples, we offer the 
following comments concerning PET morphology. The 
percent crystallinity measurements from NMR (Table VII) 
agree poorly with those from DSC, density, and wide-angle 
X-ray scattering.20 However, the agreement among DSC, 
density, and WAXS results is also poor, as is that between 
values reported in the literature and those measured for 
the samples we used. In the face of these problems, we 
suggest that NMR may be an attractive alternative for 
crystallinity measurements. The monotonic increase in 
crystallinity with higher annealing temperatures and longer 
annealing times has been reported previously for other 
PET sample sets59559M and is clearly indicated by the NMR 
data, in contrast to the DSC. Moreover, the NMR ap- 
proach does not invoke the two-phase model nor does it 
require independent knowledge of the heat of fusion or 
density of the phases, as do the other techniques. Dis- 
tinguishing domains on the basis of mobility, as is done 
with the NMR measurements, may prove more reliable 
than other methods applied to date. 

An attractive feature of the spin diffusion measurements 
is that direct information concerning both noncrystalline 
and crystalline regions is obtained. This is particularly 
important for PET, where it is the structure and orien- 
tation of the noncrystalline domains which largely deter- 
mine mechanical properties. One immediate consequence 
of the NMR analysis is that the noncrystalline material 
is divided into two domains which are separated from one 
another by a distance on the order of a few nanometers. 
We conclude that the two-phase crystalline-amorphous 
model is a poor representation of PET fiber morphology, 
in agreement with earlier data concerning X-ray intensi- 
ties.5 From Table I1 it is also clear that annealing does 
not preferentially crystallize either mobile or constrained 
noncrystalline chains. Both fractions are reduced by ap- 
proximately the same amount. Therefore, a picture in 
which only constrained noncrystalline material is in close 
proximity to the crystallites and easily crystallized by 
annealing is not entirely accurate. Roughly the same 
number of mobile noncrystalline chains crystallize. 

The reduction in mobile noncrystalline material upon 
annealing suggests that a t  least part of it abuts upon the 
crystallites. This idea is confirmed by models of the dif- 
fusion behavior. From Figure 11 it is clear that the ex- 
perimental data are better fit by models in which the 
mobile noncrystalline regions regain magnetization at  a 
rate higher than that expected if these regions were sur- 
rounded entirely by constrained noncrystalline chains. 
Similarly, Figure 10 suggests that the relatively rigid 
noncrystalline material does not monopolize the crystal 
interfaces. The best fit of the data, especially at short 
diffusion times, is provided by the two-dimensional model. 
This indicates that each of the three domain types has 
interfaces connecting that region to the other two. Further 
detail concerning spatial arrangement of the domains 
cannot be extracted from the modeling as it stands now. 
We note, however, that the above comments are consistent 
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the relatively small size of the PET crystals which allows 
such motional differences to be exhibited. 

The use of spin diffusion to obtain relative surface areas 
of crystallites is an important aspect of these experiments. 
Such information is not available from commonly used 
techniques. The data in Table IX indicate that annealing 
above 200 "C is most effective in reducing the surface 
area/volume ratio for PET crystals; roughly a 30% re- 
duction in surface areas is obtained. The moderate size 
of this reduction as well as the agreement of the data with 
surface areas calculated from the one-dimensional lamellar 
models suggests that the shape of the crystallites is not 
highly irregular. (In fact, if highly accurate surface 
area/volume ratios were obtained for a wide range of an- 
nealing temperatures, it should be possible to extract de- 
tails of the crystallite shape.) Again we emphasize that 
the attractive feature of determining surface areas in this 
way is that the analysis at  short times does not rely on a 
morphological model. 

In each of the NMR experiments presented above, 
samples D200-22 and D200-0 behave similarly. Their 
crystallinities, relative surface areas, and domain sizes are 
in close agreement with one another. Such evidence sug- 
gests that annealing either with or without free ends has 
little effect on the domain structure of PET fibers. 
However, D200-22, annealed with free ends, has a sub- 
stantially lower modulus (60% lower) and much poorer 
creep resistance (6 times more elongation) than does 
D200-0. This deterioration in certain mechanical prop- 
erties appears to be related primarily to a loss in orien- 
tation of both crystalline and noncrystalline chains. This 
loss can be followed most effectively by 13C NMR and 
X-ray fiber diffraction. 

Finally, we comment on the structure of PET prior to 
annealing. As-drawn fibers such as the control sample do 
have small crystalline regions, as indicated by the presence 
of a long T,,, component. Small-angle X-ray evidence has 
been used in the past to suggest that such samples are 
almost entirely n~ncrystal l ine.~~ The small size of the 
crystallites (-3 nm in the thinnest dimension) may cause 
difficulty with respect to X-ray detection and quantitation. 
The SAXS measurements of our sample C, on the other 
hand, did not encounter such problems and allowed def- 
inition of both the axial long period and a transverse pe- 
riodicity from the four-point pattern. The question of 
organized structure in PET film quenched from the melt 
(sample Q) is more complicated. Three Tl,,'s are resolved 
in the decay under multiple pulse, with the longest being 
26 ms. This result certainly indicates some degree of 
motional heterogeneity throughout the sample but does 
not suggest the degree to which structural heterogeneity 
is involved. Such structural information is available from 
the spin diffusion experiment, which defines the size of 
the regions over which the motion is reasonably homoge- 
neous. In the semicrystalline samples the noncrystalline 
material is segregated into two domains whose average 
smallest dimension is on the order of a few nanometers. 
However, in sample Q the spin diffusion experiment does 
not allow the definition of discrete domains of finite size. 
The decompositions of the Tlxz decays for various diffusion 
times reveal fractions of the three components which do 
not behave systematically in terms of magnetization re- 
covery into initially depleted regions. From this infor- 
mation we conclude that the mobile and constrained 
noncrystalline chain segments are segregated into discrete 
domains in semicrystalline PET to a much greater degree 
than they are in the pure glass. The coarseness of struc- 
tural heterogeneity in the noncrystalline material of the 

with the existence of mosaic blocks in the crystallites. 
Fakirov et have suggested that the grain boundaries 
between blocks are comprised of chains whose density is 
equal to that found in amorphous PET. Such chains could 
account for the fastest relaxing component of the non- 
crystalline material observed in the spin diffusion exper- 
iment. This explanation is speculative, however. 

Table VI11 shows that the long periods determined by 
NMR are in reasonable agreement with those from 
small-angle X-ray scattering. The agreement is roughly 
as good as that between the X-ray results reported here 
and those gathered from the literature for similar samples. 
From Table VI the transverse long periods (along the 
vertical z direction) determined by the two-dimensional 
model are consistently shorter than the axial long periods, 
in agreement with the X-ray results. This comparison is 
not strictly valid, however, since the NMR measurement 
is sensing periodicity of the two noncrystalline domains, 
whereas X-ray is measuring periodicity of crystalline re- 
gions transverse to the draw direction. The sensitivity to 
structure both parallel and perpendicular to the draw 
direction is a clear advantage of the X-ray method. The 
NMR results are dominated by periodicity in structure 
along the direction of the smallest dimension of the 
crystallites. However, the spin diffusion modeling does 
allow direct estimation of the size of the noncrystalline 
regions-something unattainable through small-angle 
X-ray measurements. 

All results in Tables V, VI, and VI11 support the increase 
in long period with annealing. Higher temperatures appear 
to be more effective in this regard than longer times, on 
the basis of comparing data from samples N and D257-0. 
This is consistent with X-ray evidence for the lack of a 
long-period dependence on annealing time.5 The thick- 
ening of the crystallites is the major contribution to the 
increase in long period. From Tables V and VI it is clear 
that the noncrystalline regions either remain roughly 
constant or increase slightly in size. No indication of 
shrinkage of noncrystalline domains is present from the 
modeling of diffusion rates. This suggests that annealing 
causes substantial rearrangement of domains and that a 
one-dimensional lamellar model cannot be strictly correct 
since the expansion of the crystallites does not apparently 
reduce the average noncrystalline domain sizes, although 
it does result in an overall drop in the fraction of non- 
crystalline material. 

The crystallite size determined by NMR and presented 
in Tables V and VI indicates the distance across the 
thinnest dimension of the crystallite. This distance ranges 
from roughly 3 nm in the control sample to 7 nm in the 
samples annealed above 200 "C. If the chains are assumed 
to be collinear with the direction corresponding to the 
thinnest dimension of the crystallites (as is reasonable from 
the agreement between the NMR long period and the 
SAXS axial long period), the corresponding numbers of 
monomer repeat units which can be incorporated into such 
crystallites before the chains emerge into noncrystalline 
regions are 3 and 7, respectively. This behavior helps to 
explain the increase in the long TIXZ as a function of an- 
nealing, as is shown by data in Table 11. We suggest that 
for the control sample the crystallites are sufficiently thin 
that the chain segments in the interior of the crystallites 
can feel effects of the nearby noncrystalline mobility. 
These crystalline chains display more mobility than their 
counterparts in the annealed samples, which are included 
in crystals more than twice as thick. The long Tl,,'s reflect 
the mobility difference, increasing from 71 ms in the 
control sample to 280 ms in sample N. Apparently, it is 
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fibers and annealed film appears considerably greater. 

Summary and Conclusions 
Based upon the foregoing NMR data, we offer the fol- 

lowing conclusions concerning the morphology of PET 
fibers. 

Annealing PET above its Tg increases crystallinity, with 
temperatures greater than 200 "C being most effective. 
Annealing also increases the minimum crystallite dimen- 
sion and the long period as determined by NMR. We 
suggest that the NMR methods discussed above may 
quantify these changes more satisfactorily than do other 
techniques. We also emphasize that NMR can give direct 
information on both crystalline and noncrystalline do- 
mains, in contrast to X-ray scattering. From the increase 
in the long time constants measured under multiple pulse, 
it  is clear that annealing increases the rigidity of chains 
in the crystallites. This points toward a correlation be- 
tween crystallite size and chain mobility for semicrystalline 
PET. 

A two-phase, crystalline/amorphous model is seen to be 
a poor representation of PET fiber morphology. The 
noncrystalline material can be divided into mobile and 
constrained parts, each of which has some direct contact 
with crystallites. A picture in which there is a uniform 
gradation from rigid to semirigid to mobile material is not 
entirely accurate. Upon annealing, the crystallites grow 
by absorbing both types of noncrystalline chains. On the 
basis of the spin diffusion results, structural heterogeneity 
in the noncrystalline material of the fibers is considerably 
coarser than it is in the quenched, amorphous film. 

Whether annealing of PET fibers at 200 "C is done with 
free ends or with fixed ends makes little difference with 
respect to crystallinity, domain size, and crystallite surface 
areas, although there is a trend in the Tlxl data which 
suggests that the chains in all regions of the fibers annealed 
with free ends experience slightly greater constraint than 
do their counterparts in the fibers annealed with fixed 
ends. Chain orientation in fibers annealed without re- 
straint deteriorates strongly, which largely explains the 
reduced modulus and creep resistance observed in me- 
chanical testing. 

Finally, reliable measurements of crystallite surface areas 
are possible by recording initial spin diffusion rates. An- 
nealing PET above 200 "C reduces the surface area/vol- 
ume ratio by -30%, whereas annealing at 200 " C  has a 
considerably smaller effect. Such information concerning 
domain surface areas is thought to be an important aspect 
of many polymer systems, although experimental data 
have proved difficult to obtain. This is one area in which 
the NMR methods discussed here should find expanded 
use. 
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ABSTRACT: Fourier transform infrared temperature studies of an amorphous polyamide are presented. 
The results strongly suggest that prior interpretations of the changes occurring in the N-H stretching region 
of the spectra of polyamides and polyurethanes with temperature were greatly oversimplified. In essence, 
these spectral changes were interpreted to be solely due to hydrogen-bonded N-H groups transforming to 
“free” N-H groups. Subsequent use of these data to obtain thermodynamic parameters associated with hydrogen 
bond dissociation must now be considered erroneous. The primary factor not taken into account concerns 
the very strong dependence of the absorption coefficient with hydrogen bond strength. With increasing 
temperature, the average strength of the hydrogen bonds decreases, which is observed in the infrared spectrum 
by a shift to higher frequency. Concurrently, the absorption coefficient decreases, leading to a reduction in 
the absolute intensity of the hydrogen-bonded N-H band. In this study we present experimental results in 
the N-H stretching and amide I, 11, and V regions of the infrared spectrum of an amorphous polyamide. In 
addition, we present a model, justified by theoretical considerations, which we believe advances our understanding 
of the strong dependence of absorption coefficient with the strength of the hydrogen bonds. The ramifications 
of this work to hydrogen-bonded polymers are discussed. 

Introduction 
Over the past several years, we have been concerned with 

the application of Fourier transform infrared (FT-IR) 
spectroscopy to the characterization of polymer mixtures. 
Information concerning the nature, strength, and number 
of intermolecular interactions occurring between the 
polymeric components of such mixtures as a function of 
temperature has been gained. The thrust of this work, 
summarized in a recent review,l has been to relate these 
measurements to the phase behavior of polymer blends. 
Patterson and Robard2 consider the phase behavior to be 
governed by two competing factors: a free volume con- 
tribution to the equation of state which is unfavorable to 
mixing and an interactional contribution which is poten- 
tially favorable to mixing. In our studies we have placed 
emphasis on the “interactional” component and it is in- 
tuitively clear that there has to be a corresponding balance 
between strength of intermolecular interactions among the 
different components of the blend and the forces of self- 
association. Because of these factors, we have paid par- 
ticular attention to systems in which strong intermolecular 
interactions occur, characteristically those involving hy- 
drogen bonds. This has led us to consider the infrared 
methods that have previously been used to determine 
thermodynamic parameters. For example, in a recent 
p~bl ica t ion ,~  we presented the results of an FT-IR tem- 
perature study of poly(4-vinylphenol) blends containing 
poly(viny1 acetate) and three ethylene-vinyl acetate co- 
polymers. From a quantitative measure of the fraction of 
hydrogen-bonded carbonyl groups as a function of tem- 
perature, we obtained an estimation of the enthalpy of the 
intermolecular interaction from a van’t Hoff plot. There 
were many assumptions inherent in this calculation, but 
the estimated value of AH was in pleasing agreement with 
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previously published values for low molecular weight 
analogues. This result is probably fortuitous because we 
now believe that there are major problems associated with 
methods previously used to determine such parameters 
from spectroscopic data. 

Extensive research on hydrogen bonding in polyamides 
and polyurethanes has been performed by numerous au- 
t h o r ~ . ~ - ’ ~  Trifan and Terenzi4 concluded that a t  room 
temperature there is essentially 100% hydrogen bonding 
in linear, aliphatic homopolyamides, as measured by the 
absence of bands in the infrared spectra above 3300 cm-’. 
However, in structurally irregular copolymers and in linear 
homopolyamides at  elevated temperatures, an absorption 
at  3448 cm-l was observed and assigned to “free” N-H 
groups. Bessler and Bier6 measured the “free” and bonded 
N-H peak heights of various polyamides as they change 
with temperature. Analysis was complicated, however, by 
the overlap and inherent broadeness of the infrared bands, 
especially a t  elevated temperatures. 

A quantitative study of hydrogen bond dissociation in 
polyamides was performed by Schroeder and Cooper.13 In 
an elegant procedure which avoids curve resolving, these 
authors reasoned that if one has a knowledge of the ab- 
sorption coefficients corresponding to the “free” and 
bonded N-H stretching modes, then it is only necessary 
to measure the total area of the N-H stretching region to 
obtain the required data. In other words, when the tem- 
perature is raised, the change in total area reflects the 
difference in absorption coefficients as the bonded N-H 
groups transform to “free” N-H groups. Two assumptions 
were necessary: that the absorption coefficients did not 
vary significantly with temperature and that the degree 
of hydrogen bonding was known at  some reference tem- 
perature. The data obtained were used, via an equilibrium 
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