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ABSTRACT Deuterium NMR spectroscopy shows that the aromatic rings in deuterated amorphous poly- 
(phenylene sulfide) (PPS) undergo rapid 180° flips at room temperature. Detailed analysis of the deuterium 
NMR spectrum shows that any subsidiary motion that accompanies ring flipping involves ring reorientation 
of no more than 20°. There is a distribution in the natural logarithm of the flipping rates of 6.8 at 206 K 
and 3.9 at 360 K. The distribution of flipping rates corresponds to a distribution of activation energies 
centered about 11.0 kcal/mol. The signals in the 'SC NMR spectrum of amorphous PPS are exceptionally 
broad, reflecting a wide range of local conformations for the polymer chains that are imposed by the local 
packing of the chains. The range of local packing environments presumably accounts for the distribution 
of activation energies. 

The relation between low-temperature mechanical and 
dielectric relaxation processes of synthetic polymers and 
localized conformational proceaw is not well understood.1+ 
Bisphenol A polycarbonate (BPAPC) is a case in point. 

Bisphenol A polycarbonate (BPAPC) 

The phenylene rings of BPAPC undergo facile 180° flips 
a t  temperatures well below the glass transition tempera- 
ture,'" and the frequency of ring flipping at  a given tem- 
perature determined with NMR spectroscopy lies close to 
the curve describing the temperature and frequency 
dependence of the dielectric and mechanical secondary 
transitions.8 Nevertheless, ring flipping by itself can 
account for neither the mechanical nor the dielectric 
transitions of BPAPC since after each flip of a ring the 
polymer chain is in a conformation equivalent to  that 
before the flip. No net reorientation of dipoles or 
absorption of mechanical energy takes place during ring 
flipping. 

The apparent relation between ring flipping and me- 
chanical and dielectric activity in BPAPC probably results 
from tight coupling of the flipping to other processes that 
play a direct mechanical and dielectric role. There are 
several possibilities for these processes. The NMR spec- 
trum of the methyl groups shows evidence of wagging of 
the chain transverse to ita long axis through as much as 
2 0 O . 6  The presence of dielectric relaxation also suggests 
that the dipolar carbonate group is mobile. Coupling of 
ring flipping to conformational changes of the carbonate 
group is possible. Furthermore, there could be mechan- 
ically active rearrangements of the lattice surrounding each 
polymer chain that are associated with ring flipping.' 
Finally, coupling of ring flipping to diffusion of defects 
along the polymer chain has been proposed.* 

We report here that the aromatic rings in amorphous 
poly(pheny1ene sulfide) (PPS) undergo 180° flips almost 
as readily as do the rings in BPAPC. The structural 

t Prmnt addreea: Euon Chemical Co., Baytown Polymers Center, 
6200 Bayway Drive, Baytown, TX 775224200. 

simplicity of PPS limits the types of mechanically active 
motions that could be coupled to ring flipping. Facile 
ring flipping occurs without much secondary motion. 
Because the low-temperature mechanical transition for 
PPS is smalls or nonexistent,lo it appears that the 
secondary motions, rather than ring flipping, correlate to 
mechanical activity. 

Experimental Section 
Poly(pheny1ene sulfide). Commercial samples of PPS are 

partially crystalline. Although individual samples can be 
quenched from the melt into an amorphous form, inorganic 
impurities readily induce recrystallization of the initially amor- 
phous materials at elevated temperature. We have chosen to 
examine samples prepared by a process that results in very little 
inorganic impurity. The presence of 16% disulfide linkages in 
the deuterated sample and 6% biphenylene sulfide units in the 
undeuterated sample further inhibits crystallization in variable- 
temperature experiments. We operate under the assumption 
that these levels of "impurities" do not significantly perturb the 
dynamic properties of the samples. For convenience we will refer 
to the deuterated copolymer simply as PPS-d. 

'PPSdr' 

pDiiodobenzene-4 was prepared from benzene-de (Aldrich) 
via a modification of the liquid-phase oxyiodination of benzene 
with molecular iodine." Nitric acid was substituted for potaseium 
iodate as the oxidant, and the product was purified by recrys- 
tallization from glacial acetic acid.'Z The exact mass, measured 
with a ZAB mass spectrometer, was 333.8646 (theoretical, 
333.8668; experimental error, 3.6 ppm), and the 'BC NMR 
spectrum consisted of a singlet at 93.04 ppm for the ipso carbons 
and a triplet of equal intensity at 138.86 ppm for the &carbons. 
The integrated intensity ratio of the two regions was 1:2. 
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nominal probe temperature against the temperature of a ther- 
mocouple in a dummy sample. The console was a Bruker CXP- 
100 equipped with a Bruker Aspect 3000 computer. 

All spectra were generated by Fourier transformation of the 
second half of the quadrupolar echo generated by a pair of 90" 
pulses. The pulse spacing was 25 pa. Generally the signal was 
stored in 2K data points that were expanded to 4K by zero fiiing 
before Fourier transformation. Exponential weighting equivalent 
to 1000 Hz of Lorentzian broadening was applied before 
transformation; each spectrum spanned 1.67 MHz. 

For measurement of peak positions the number of data points 
was expanded to 8K before Fourier transformation to give digital 
resolution of 407 Hz. The measured peak positions are rounded 
to the nearest 500 Hz. The spectra were transferred to a Mac- 
intosh 11s computer for preparation of the figures. 

Deuterium spin-lattice relaxation times were measured by 
monitoring the recovery of longitudinal magnetization following 
a saturating train of 90" pulses. The actual measurement was 
of the initial intensity of a spin-echo generated after each 
relaxation period by a pair of 90" pulses. The longest recovery 
time was 8 a, and the shortest recovery time was 0.001 8. The 
decay curves were fitted with routines written for the statistical 
package SAS on an IBM 3040 computer. 

Simulated deuterium NMR spectra were calculated with 
a program written in Pascal for the Aspect computer. Powder 
spectra were calculated by sampling all possible orientations of 
the magnetic field with respect to a flipping ring of fixed 
orientation. This procedure is equivalent to consideration of all 
possible orientations of the ring with respect to a fixed magnetic 
field direction. The azimuthal angle was increased in steps of 
2". At each step the longitudinal angle was incremented through 
steps that were scaled to the sine of the azimuthal angle. The 
spectra were convoluted with a Lorentzian line shape having a 
width at  half-height of 3000 Hz and were corrected for the finite 
value of the pulse power in the actual experiment.lB Illustrations 
were created from calculated spectra that were digitized with a 
scanner for a Macintosh computer. 

Spin-lattice relaxation times were calculated with a computer 
program written in Pascal based on the formulas of Torchia and 
Szabo." The program performed a powder average over all 
possible orientations of the flipping ring and allowed for the 
presence of a distribution of ring-flipping rates. 

Carbon NMR spectra were measured with magic-angle 
spinning and the cross-polarization technique with a probe from 
Doty Scientific operating at  25 MHz. The 90° pulse typically 
was 4.0 KS.  The console was the same as that used for deuterium 
NMR spectroscopy. 

Results 
Deuterium NMR Spectroscopy. The spectrum ac- 

quired for PPS-dd at 360 K (Figure 3) is typical of that 
from deuterium nuclei attached to aromatic rings under- 
going rapid 180" flips. T h e  spectra taken at progressively 
lower sample temperatures show a gradual conversion 
toward the  pattern expected for a rigid solid. Even for a 
sample temperature of 230 K, however, there is evidence 
for some molecular motion in the form of peaks in the 
center of the spectrum corresponding to the maxima in 
the  high-temperature spectrum. 

The recovery of deuterium longitudinal magnetization 
following a saturating pulse train was highly nonexpo- 
nential. At  305 K the recovery curve could be approxi- 
mated as the  sum of two exponentials having weights of 
0.49 and  0.51 and  relaxation t imes of 0.015 and  1.29 8. 
Most likely, however, t he  curves are actually the sum of 
very many exponential terms resulting from a variation 
in flipping rate from site to site in  the amorphous polymer. 
Recovery of magnetization was essentially complete after 
10 s so t h a t  there appeared to be no  sites having relaxation 
times greater than  a few seconds. So as to  be assured that 
there was no  saturation of t h e  magnetization, we acquired 
t h e  spectra shown in Figure 3 with delay times ranging 
from 100 s a t  205 K to 30 s at 360 K. 

Wavenumber (cm-') 

Figure 1. Infrared spectrum (absorbance vs cm-l) of PPS-d4. 

Wavenumber (cm-l) 

Figure 2. Infrared spectrum (absorbance vs cm-1) of PPS. 

Deuterated poly(pheny1ene sulfide) was made by the 
method reported for preparation of the hydrogenous material.lsl6 
Into a 500-mL three-neck round-bottom flask were weighed 34.0 
g of sulfur (1.06 mol, sublimed grade; Mallinckrodt) and 410 g 
of p-iodobenzene-d4 (1.23 mol, 16 mol % excess). The flask was 
fitted with a 350-mm Vigreux column, a mechanical stirrer 
through the center joint, and an inlet tube for a slow air sweep. 
The column, which was wrapped with heating tape covered with 
glass tape and was heated to about 100 "C, was attached via a 
distillation head and a takeoff tube to a distillation receiver cooled 
in dry ice and connected to a vacuum source. The flask was 
maintained at  200Torr with immersion in a metal bath controlled 
to 230 "C for 2.5 h, during which time iodine distilled; the bath 
temperature was then raised to 240 O C  for 2.5 h. The pressure 
was reduced to 120 Torr for 0.5 h, then 60 Torr for 0.5 h, then 
30 Torr for 0.6 h, and finally 0.5 Torr for 1.5 h. Simultaneously 
with the last pressure drop the bath temperature was raised to 
250 "C. The reaction flask was then removed from the bath, 
repressurized with nitrogen, and allowed to cool under nitrogen, 
during which time the prepolymer solidified. The intermediate 
product was dark tan and opaque. The melt had very low 
viscosity. The cooled solid was granulated and heated in 30-g 
quantities in a 32-mm glass tube that was closed at  one end and 
fitted with an 8-mm glass tube for nitrogen inlet and a gas outlet. 
The tube was inserted into a heated metal bath held at 240 "C, 
and nitrogen was passed over the sample at  1.0 fts/min for 24 
h. The viscosity of the resulting polymer melt was measured at 
23 200 P at  300 "C on a Rheometrics mechanical spectrometer 
a t  a shear rate of 25 rad/s. The infrared spectrum of the deu- 
terated polymer, measured ona Nicolet 5DX spectrometer (Figure 
l), was consistent with that of authentic hydrogenous material's16 
(Figure 2). The C-D stretching and bending vibrations are shifted 
to lower wavenumbera while the C-C vibrations for both materials 
are at almost the same frequencies. 

Amorphous Films. The samples were pressed under 6000 
psi pressure at 300 "C into molten films prior to quenching in 
ice water into the amorphoua solid. 

Deuterium NMR spectra were measured at  41.445 MHz with 
a home-built probe in a narrow-bore magnet having a proton 
NMR frequency of 100 MHz. The sample size was 7 mm, and 
a 90" pulse typically was 3.6 ps. Temperatures are believed to 
be accurate to within lo, as determined by calibration of the 
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Figure 3. Deuterium NMR spectra of amorphous poly(phe- 
nylene sulfide) in which approximately 16% of the linkages are 
disulfide unite. n 

200 ' 100 0 
PPm 

Figure 4. I3C NMR spectrum of an amorphous copolymer of 
95% phenylene sulfide and 5% biphenylene sulfide, taken at 
305 K with magic-angle spinning and high-power decoupling. 

The maxima in the spectrum recorded at  360 K are at  
f14 500 Hz. The spectral edges are a t  about f64 OOO and 
k79000 Hz. For the spectrum recorded a t  305 K the 
spectral maxima from the rigid portions of the sample are 
a t  *62 500 Hz. The edges of the rigid spectrum are a t  
about f129 500 Hz. 

l8C NMR Spectroscopy. As may be seen in Figure 4, 
the room-temperature 13C NMR spectrum of PPS consists 
of surprisingly broad signals. Each of the two resonances 
contributing to the observed signal has a width of more 
than 10 ppm. By contrast, the width of the protonated 
aromatic signals of BPAPC at  room temperature is only 
about 4 ppm. Furthermore, the lSC NMR signals of 
crystalline PPS are sharp. The lSC spectrum of partially 
crystalline PPS contains signals with a width less than 5 
ppm from the crystalline portion of the sample on top of 
the broad signals from the amorphous The signal 
broadening in the spectrum of the amorphous polymer is 
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very inhomogeneous. After it has fully decayed, the time- 
domain NMR signal of PPS is readily refocused into a 
spin echo by a 180' pulse. 

The sample used for the 13C NMR spectrum was a 
copolymer containing 5% biphenylene units, but this is 
not believed to be the source of the broad signals. 
Observation of a variety of various copolymers of PPS has 
indicated that the presence of comonomer at  the 5 % has 
negligible effect on the spectrum. 

Discussion 
Ring Motion in Amorphous PPS. The deuterium 

NMR spectrum acquired from amorphous PPS-d4 a t  360 
K is that expected for deuterium nuclei attached to 
aromatic rings undergoing rapid 180' flips. Initial analysis 
of the spectra was made in terms of ring flipping as the 
only reorientational motion. Spectral simulations were 
made with assumed principal elements of the quadrupole 
coupling tensor of -67000/21r, -62500/21r, and 129500/2r 
rad/s. These elements were chosen because they gave the 
most satisfactory fit to the rigid portion of the spectrum 
acquired at  305 K. Note that the quadrupole coupling 
tensor for deuterium attached to an aromatic ring need 
not be strictly axially symmetric. We assumed further 
that the x axis of the PAS is perpendicular to the aromatic 
ring and that the z axis is colinear to the C-D bond. 

Best fit of the averaged spectra resulted when it was 
assumed that the rings at  different sites in the amorphous 
polymer flip a t  different rates. A similar distribution of 
ring-flipping rates is found for BPAPC.sJt21-26 In the 
calculations we assumed that there was a Gaussian 
distribution in the natural logarithm of the ring-flipping 
rate that decreased in width from 6.8 at  205 K to 3.9 at  360 
K (see Figure 5). A Gaussiandistributionin the logarithm 
of rates corresponds to a Gaussian distribution in activation 
energies, and the Arrhenius equation shows that, if there 
is a temperature-independent distribution of activation 
energies, there should be a temperature-dependent dis- 
tribution of flipping rates. 

The temperature dependence of the central rate in the 
distributions led, with the Arrhenius equation, to an 
activation energy of 11.0 kcal/mol. This value is slightly 
higher than the 9.1 kcal/mol calculated for ring flipping 
in deuterated BPAPC.26 The width of the distribution of 
flipping rates for PPS is also larger than that for BPAPC.' 

Secondary Ring Motions in PPS. The aromatic rings 
of BPAPC undergo a librational motion in addition to 
ring flipping.6*21-26 It is reasonable to expect that similar 
secondary motion might also occur in PPS. However, the 
frequencies of the maxima and edges in the high-tem- 
perature spectrum place limits on the amplitude that any 
such motion could have. To determine what these limits 
are, one needs to know the elements of the quadrupole 
coupling tensor for a perfectly rigid ring. The elements 
that were used for calculation of the spectra in Figure 5 
are unsatisfactory because they may already be partially 
averaged by librational motion of the rings. A more 
satisfactory set of reference values comes from a crystalline 
form of the bis(pheny1 carbonate) of Bisphenol A for which 
motion of the aromatic rings is known to be very 
restricted.28 From the measured quadrupole coupling ten- 
sor for this model compound, one calculates that the 
maxima in a spectrum that is averaged by ring flipping 
alone should occur a t  f14 750 Hz. Experimentally we 
find that the maxima in the high-temperature spectra of 
PPS-dd are a t  f14 500 Hz. The close agreement between 
the calculated and experimental values is one indication 
that secondary motion in PPS is very restricted. 
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spin-lattice relaxation results from some motion other 
than ring flipping, even though this motion apparently 
has an amplitude less than 20'. 

Mechanical and Dielectric Relaxation in  Amor- 
phous PPS. The dynamic mechanical spectrum of 
amorphous PPS, measured at  a frequency of 0.5 Hz by 
Eisenberg and co-workers! shows a relaxation peak a t  
165 K. Measurements of the temperature of the peak at  
multiple observation frequencies yielded an activation 
energy of 11 f 2 kcal. The agreement of the activation 
energy with that determined by deuterium NMR spec- 
troscopy for ring flipping suggests that ring flipping and 
the process responsible for low-temperature mechanical 
relaxation are related. Nevertheless, recent measurements 
in Schaefer's group with a torsional pendulum have failed 
to detect the low-temperature mechanical transition.lO If 
it exists, it is small compared with that for BPAPC. 

Likewise the dielectric spectrum of PPS provides little 
evidence for significant low-temperature reorientation of 
the local electric dipoles in PPS. There is only very weak 
dielectric relaxation for PPS between 193 and 260 K for 
observation frequencies between 62 and 100 kHz.% 

Relation between Ring Flipping and  Mechanical 
Activity. Schaefer and co-workers proposed that the 
barrier to ring flipping in BPAPC is largely imposed by 
intermolecular ~onstraints.7~30~3~ In fact, conformational 
calculations have consistently shown that internal re- 
straints alone provide little hindrance to ring flipping in 
either BPAPC or PPS.32"'2 

The similarity of the measured activation energies for 
ring flipping in both BPAPC and PPS in spite of the 
differences in their internal structure supports the idea 
that the barriers in these polymers result from external 
forces. Similar ring-flipping barriers were also observed 
in the phenoxy resin of Bisphenol A and epichlorohy- 
drin.30 A slightly lower barrier was found for the aromatic 
rings in the amorphous portion of poly(buty1ene tere- 
phthalate) .43 

Nevertheless, an external source of the ring-flipping 
barrier by itself does not account for mechanical activity. 
Schaefer and co-workers postulated that the polymer 
chains in BPAPC form "bundles" in which the chains are 
locally parallel.7v30 Within the bundles motion of the 
centers of gravity of the aromatic rings modulates the 
constraints on ring flipping such that each ring can turn 
over as sufficient space opens up. It is the motion within 
the lattice that leads to mechanical activity. Interestingly, 
there is evidence from wide-angle X-ray scattering to 
suggest a degree of nonrandomness in the chain packing 
of BPAPC that would be consistent with the bundle 
model." 

Some perturbation of the lattice around each aromatic 
ring in PPS probably does take place as the ring turns 
over. Translations of the centers of gravity of the rings 
with respect to each other would help to open up sufficient 
space for ring reorientation, for example. However, only 
minor changes in the lattice remain after the completion 
of each ring flip; the ring undergoes a total rotation very 
close to 180'. Furthermore, the lattice motions that do 
take place do not result in significant mechanical activity 
of PPS. 

The similarity of the activation energies in PPS and 
BPAPC argues strongly against the Jones model for ring 
flipping in BPAPC, which involves interconversions of cis 
and trans conformations of the carbonate.8 These inter- 
conversions are not possible for PPS. At  least as origi- 
nally stated, the Jones model does not directly lead to ring 
flipping in BPAPC anyway. Each aromatic ring adjacent 
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Figure 5. Calculated deuterium NMR spectra matching the 
experimental spectra in Figure 3. The rates of ring flipping, 
standard deviations of the distribution of the logarithm of the 
rates, and temperatures are (a) k = 1.52 X lo2, u = 6.8, and T 
205 K; (b) k = 2.80 X 108, u = 6.1, and T = 230 K; (c) k = 2.92 

X 104, u = 5.5, and T = 255 K; (d) k = 2.00 X lV, u = 5.0, and 
T =  280K; (e) k = 1.0 X 108, u = 4.6,and T = 305K; ( f ) k  = 3.00 
X 106, u = 4.3, and T = 325 K; (g) k = 6.40 X 108, u = 4.1, and 
T = 340 K; and (h) k = 1.58 X lo7, u = 3.9, and T = 360 K. 

A second indication of the limited nature of secondary 
motion in PPS can be obtained by comparison of the high- 
temperature spectra of PPS-d4 with those of other 
compounds for which ring flipping occurs readily. One 
such material is a second crystalline form of the model 
compound for BPAPC. The maxima in its high-temper- 
ature spectrum were a t  i13 OOO Hz at  350 K. The spectral 
maxima in deuterated BPAPC occur a t  the same fre- 
quencies a t  a corresponding temperature. The fact that 
the frequency separation of the spectral maxima for PPS- 
d4 is greater than that for either the model compound or 
BPAPC suggests that the amplitude of the secondary 
motion for PPS is smaller than that for the other materials. 
Analysis of the spectra frequencies for the model compound 
indicated that the amplitude of any secondary motion that 
primarily involves rotation about a single axis in that 
material is less than 20° This is an upper limit 
on the amplitude of any secondary motion that may occur 
in PPS. 

Still, it should not be concluded that there is no 
secondary ring motion in PPS at  all. The fact that the 
principal elements of the quadrupole coupling tensor that 
gave best fit to the experimental spectra (-67000/2~, 
-62500/2*, and 129600/2* rad/s) are somewhat smaller 
than those found for the rigid form of the model (-68000/ 
27r, -63500/2~, and 131500/2* rad/s) does suggest that 
some secondary averaging takes place. Furthermore, there 
is a contribution to spin-lattice relaxation of the deuterons 
in PPS-dr that cannot be accounted for by ring flipping 
alone. The observed rate of recovery of magnetization in 
PPS-dr a t  305 K following a saturating pulse train at 305 
K is less than that calculated from the distribution of 
flipping rates that gives the best spectral shape. The extra 
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to a carbonate group in a cis conformation is restored to 
ita original orientation when that carbonate group returns 
to the trans conformation. Only if the rate of ring flipping 
of aromatic rings adjacent to a cis carbonate group is 
assumed to be much faster than the rate of ring flipping 
of rings adjacent to the more abundant trans linkages or 
if the passage of a cis “defect” down the chain is allowed 
progressively to turn the entire chain over does the presence 
of cis conformations lead to ring flipping. Complete 
reversal of a chain as bulky as that in BPAPC is unlikely. 
On t he  Distribution of Local S t ruc ture  in  Amor- 

phous PPS. The broad resonances in the l3C NMR 
spectrum of an amorphous PPS point are rather curious. 
Other amorphous aromatic polymers, such as BPAPC, do 
not give such broad l3C signals. The signal widths probably 
reflect a distribution of local chain conformations. That 
is, there are many different values for the dihedral angle 
describing the relative orientation of adjacent rings. In- 
termolecular shieldings could account for signal widths of 
only 1 or 2 ppm. 

The presence of a wide range of local conformations in 
amorphous PPS indicates that internal forces are relatively 
ineffective in determining the local conformation. In fact, 
the minimum in the plot of potential energy versus the 
dihedral angles at  the bonds on either side of the sulfur 
group in PPS is extremely broad.46 Although the value 
chosen for the energy of conjugation of the electron pairs 
of the sulfur into the aromatic rings does affect the 
calculated width of the minimum, the calculations indicate 
that concerted rotation of adjacent aromatic rings can occur 
with an internal energy cost of only about 1 kcal/mol. 
Thus the relative orientation of each ring in the amorphous 
polymer is dictated by the particular packing arrangement 
in which these rings are found. Internal constraints on 
the conformation are relatively unimportant. External 
control of the local conformation of PPS corresponds to 
external control of the ring-flipping barrier, and the 
distribution of local conformations corresponds to the 
distribution of activation energies observed for the ring- 
flipping barrier. 

Conclusions 

The barrier to ring flipping in PPS, as in BPAPC, 
originates largely from intermolecular interactions. How- 
ever, in PPS ring flipping takes place with little secondary 
motion. The low-temperature mechanical activity of PPS 
is much less than that of BPAPC. Thus the mechanical 
activity may require the presence of secondary motion 
even though ring flipping does not. 

Acknowledgment. We are grateful to Dr. David Tee- 
garden for encouragement in this work and for helpful 
consultations. Dr. Jacob Schaefer kindly shared a mea- 
surement of the mechanical spectrum of PPS. 

Sub-T, Dynamic Processes in Amorphous Solids 4037 

References and Notes 
Kolarik, J. Adv. Polym. Sci. 1982, 24, 120. 
Bovd. R. H. Polvmer 1985.26.323. 
B&d; R. H. Pohmer 1985; 26; 1123. 
Wehrle. M.: Hellmann. G. P.: SDiess. H. W. Colloid Polvm. Sci. 

I -  . 
1987,265, 815. 
Schaefer, J.; Stejskal, E. 0.; McKay, R. A.; Dixon, W. T. 
Macromolecules 1984,17, 1479. 
Roy, A. K.; Jones, A. A.; Inglefield, P. T. Macromolecules 1986, 
19, 1356. 
Schaefer, J.; Stejskal, E. 0.; Perchak, D.; Skolnick, J.; Yaris, R. 
Macromolecules 1985, 18, 368. 
Jones, A. A. Macromolecules 1985,18,902. 
Eisenberg, A.; Cayrol, B. J. Polym. Sci.: Part C 1971,35, 129. 
Schaefer, J. Personal communication. 
Birchenbach, L.; Goubeau, J. Chem. Ber. 1934,67,917. 
Rule, M. US. Patent 4,746,758, May 24, 1988. 
Rule, M.; Fagerburg, D. R.; Watkins, J. J.; Fauver, J. S. US. 
Patent 4,786,713, Nov 22, 1988. 
Rule, M.; Fagerburg, D. R.; Watkins, J. J.; Fauver, J. S. U.S. 
Patent 4,855,393, Aug 8, 1989. 
Fagerburg, D. R.; Watkins, J. J. U.S. Patent 4,877,862, Oct 31, 
1989. 
Bloom, M.; Davis, J. H.; Valic, M. I. Can. J. Phys. 1980, 58, 
1510. 
Torchia, D. A.; Szabo, A. J. Magn. Reson. 1982, 49, 107. 
Clark, J. N.; Jagannathan, N. R.; Herring, F. G. Polym. Com- 
mun. 1989, 30, 212. 
Zhang, X.; Wang, Y. Polymer 1989,60, 1867. 
Brown, C. E.; Khoury, I.; Bezoari, M. D.; Kovacic, P. J.  Polym. 
Sci., Polym. Chem. Ed. 1982,20, 1697. 
Spiess, H. W. Colloid Polym. Sci. 1983, 261, 193. 
Spiess, H. W. J.  Mol. Struct. 1983,111,119. 
Roy, A. K.; Jones, A. A.; Inglefield, P. T. J. Magn. Reson. 1981, 
64, 441. 
Inglefield, P. T.; Amici, R. M.; Jones, A. A.; O’Gara, J. F. Polym. 
Prepr. (Am. Chem. SOC., Diu. Polym. Sci.) 1983,24, 143. 
OGara, J. F.; Jones, A. A.; Hung, C. C.; Inglefield, P. T. 
Macromolecules 1985,18, 1117. 
Schmidt, C.; Kuhn, K. J.; Spiess, H. W. Prog. Colloid Polym. 
Sci. 1985, 71, 71. 
Fischer, E. W.; Hellman, G. P.; Spiess, H. W.; Horth, F. J.; 
Ecarius, U.; Wehrle, M. Macromol. Chem. Phys., Suppl. 1985, 
No. 12, 189. 
Henrichs, P. M.; Luss, H. R.; Scaringe, R. P. Macromolecules 
1989,22,2731. 
Rigby, S. J.; Dew-Hughes, D. Polymer 1974, 15, 639. 
Walton, J. H.; Lizak,M. J.; Conradi, M. S.; Gullion,T.; Schaefer, 
J. Macromolecules 1990, 23,416. 
Perchak, D.; Skolnick, J.; Yaris, R. Macromolecules 1987,20, 
151. 
Williams. A. D.: Florv. P. J. J. Polvm. Sci. 1968. 6. 1946. , .  

(33) Tonelli, A. E. MacroGolecules 19fi, 5, 558. 
(34) Sundararajan, P. €2. Can. J. Chem. 1985,63, 103. 
(35) Sundararajan, P. R. Macromolecules 1987,20, 1534. 
(36) Sundararajan, P. R. Macromolecules 1989,22,2149. 
(37) Erman, B.; Marvin, D. C.; Irvine, P. A.; Flory, P. J. Macro- 

(38) Perez, E.; VanderHart, D. L.; Buckley Crist, J.; Howard, P. R. 
(39) Tekeley, P.; Turska, E. J. Macromol. Sci., Phys. 1978, B15,433. 
(40) Laskowski, B. C.; Yoon, D. Y.; McLean, D.; Jaffe, R. L. 

(41) Coulter, P.; Windle, A. H. Macromolecules 1989, 22, 1129. 
(42) Bicerano, J.; Clark, H. A. Macromolecules 1988,21, 585. 
(43) Cholli, A. L.; Dumais, J. L.; Engel, A. K.; Jelinski, L. W. 

(44) Mitchell, G. R.; Windle, A. H. Colloid Polym. Sci. 1981, 263, 

(45) Jones, T. P. H.; Mitchell, G. R.; Windle, A. H. Colloid Polym. 

molecules 1982, 15, 664. 

Macromolecules 1987,20, 78. 

Macromolecules 1988,21, 1629. 

Macromolecules 1984, 17, 2399. 

280. 

Sci 1983,261, 110. 


