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SYNOPSIS

Polyurethane poly (amido-amine) (PUPA) is a modified polyurethane whose chains are
crosslinked with those of a tertiary aminic polymer [poly (amido-amine) (N,LL)] by the
bifunctional agent hexamethylenediisocyanate (HMDI). PUPA is capable of complexing
heparin; a behavior that is related to the presence of poly (amido-amine). The effect of the
chemical composition of the starting mixture and/or the reaction time on the morphology
and physical properties was studied by using differential scanning calorimetry, dynamic
mechanical experiments, x-ray, scanning electron microscopy, and Fourier transform in-
frared attenuated total reflection analyses. © 1993 John Wiley & Sons, Inc.

INTRODUCTION

From the 1980s there has been an ongoing search
for new sources of biomedical materials in order to
satisfy the several and varied biomedical demands.

Among the polymers studied in this field, the
polyurethane block copolymers have been widely
used because of their good physical and mechanical
properties together with a satisfactory biocompati-
bility factor.! One strategy used was to render the
polymer surface capable of adsorbing heparin. This
was achieved by? grafting poly(amido-amine)
(N,LL) on the surface of the polyurethane. The ba-
sic nitrogens of poly(amido-amine), once proton-
ated, interact with the negative charges carried by
the heparin molecules. This treatment had the ad-
vantage of maintaining the morphology and me-
chanical properties of the starting material, but the
chemical procedure was difficult to perform. There-
fore, a new chemical procedure?® was utilized to syn-
thesize new materials having the heparin-complex-
ing ability of poly (amide-amine) and the good me-
chanical properties of polyurethenes, by using a
simpler chemical route. The new material, called
PUPA, was obtained by interconnecting the
poly (amido-amine) with commercial polyurethane,
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Pellethane® 2363-80AE, using hexamethylenediiso-
cyanate (HMDI) as a crosslinking agent. This pro-
cedure allows us to obtain different series of PUPA
by changing the percentage of the three components.
Consequently, the properties of the materials can
be adjusted and balanced by variations of the relative
percentage of the components. Six different PUPA
samples were synthesized in order to study the vari-
ation of the physiochemical properties with chemical
composition. Results of tensile experiments indi-
cated an increase of Young’s modulus and a decrease
of the elongation at failure increasing the cross-
linking component (HMDI). PUPA material, once
the basic nitrogens of the poly (amido-amine ) chains
are protonated in acid solution, can adsorb heparin
in two ways. The first is a mere physical adsorption,
in fact, the heparin is released when the PUPA
sample is placed in a stream of plasma or saline
solution; the second is a strong bond and the heparin
can be removed only by 0.1 M NaOH solution. It
was found that the ability of PUPA to complex hep-
arin is closely correlated with the chemical com-
position of the material and in particular with the
presence of N,LL.

In this work we report the results of a study con-
cerning the investigation of the morphology and
physical properties of some samples of PUPA ma-
terials obtained by changing the ratio of the starting
materials and the reaction time. The ratios of PU,
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HMDI, and N,LIL were chosen in accordance with
previous experience?® for the best biomedical appli-
cation.

EXPERIMENTAL

Materials

The polyurethane used is the commercial Pellethane
2363-80AK purchased from the Upjohn Polymers.
The poly(amido-amine) (N,LL) and PUPA ma-
terial (see Scheme 1) were synthesized as described
below.

Synthesis of the Polymer N,LL

The amino end-capped poly (amido-amine ), NoLL,
was obtained by polyaddition of N,N’-dimethylpu-
trescine to 4,4'-bis-acryloylpiperazine.*® The purity
of the NLLL polymer was checked by elemental
analysis: for C;4H3,N,O, 1/2H,0. Calcd: C, 60.15%;
H, 9.78%; N, 17.54%; we found: C, 60.81%; H, 9.91%;
N, 17.64%. The N,LL obtained is a semicrystalline
polymer with a glass transition temperature (T,) of
10 + 2°C and melting temperature (T,,) of about
120°C. Its number-average molecular weight ranges
from 1.0 X 10* to 1.8 X 10* (measured by osmo-
metry).

Synthesis of PUPA

Synthesis involves two reaction steps: (a)
Poly (amido-amine) with terminal free isocyanate
groups was obtained by adding a large excess of hex-
amethylene diisocyanate to the dry and alcohol-free
methylene chloride solution of the amino end-
capped poly (amido-amine) (N;LL) under nitrogen
for 45 minutes. The quantities of the two compo-
nents are reported in Table I. (b) A 10% solution
of Pellethane 2363-80AE in N,N-dimethylform-
amide (DMF) was added to the methylene chloride
solution of the isocyanate-terminated poly (amido-
amine) with vigorous stirring. The quantities are
reported in Table I. The mixture was kept at 60°C
under nitrogen with vigorous stirring for a given time
(see Table I). The material forms upon evaporation
of the solvent under vacuum (400 mbar) at 70°C.
PUPA films were extracted in Soxhlet with CH;OH /
H,0 (6/1, v/v) solution until no further weight loss
was detectable, and then vacuum dried at 70°C for
1 day.

The films so obtained were used for the scanning
electron microscopy (SEM), wide-angle x-ray scat-

tering (WAXS), thermal analysis (TA), dynamic
mechanical thermal analysis (DMTA), and atten-
uated total reflection Fourier transform infrared
(ATR/FTIR).

In this work four PUPA films have been synthe-
sized (see Table I) changing the ratio of the N,LL
and HMDI and the reaction time. The PUPA A film
reflects the material generally utilized for biological
tests because the quantity of (tightly bound) heparin
is the highest. The percentage of HMDI and N,LL
with respect to PU was changed in PUPA B and C
in order to study the influence of the composition
on structure and properties of the films. The sample
PUPA D containing the same composition as PUPA
A, was obtained by increasing the usual reaction time
of the second step to investigate the influence of the
reaction time.

Synthesis of Crosslinked PU

The material with PU chains interlinked via HMDI
was prepared by adding 10 g of a 10% solution of
PU in N,N-dimethylformamide to 10 mL of dry and
alcohol-free methylene chloride solution containing
0.21 mL of HMDI under a nitrogen stream with vig-
orous stirring. The mixture was kept under vacuum
(400 mbar) with vigorous stirring at 60°C for 2 h.
The film of this material was then obtained by cast-
ing the mixture on a glass plate and evaporating the
solvent under vacuum at 70°C. The film was ex-
tracted in Soxhlet with a CH;OH/H,0 (6/1 v/v)
solution and then vacuum dried at 70°C for 1 day.

SEM Analysis

The surfaces of the PUPA samples were analyzed
after coating by Au-Pd evaporation and examined
by using a Philips 505 scanning electron microscope
at 30 kV.

WAXS Measurements

Wide-angle x-ray scattering (WAXS) measure-
ments were carried out with a Philips (PW 1050)
model. WAXS patterns were collected by a flat
camera with sample film distance = 50 mm.

Thermal Analysis

The thermal behaviors of PU and PUPA samples
were investigated by a Mettler DSC-30. Two sets of
experiments were performed, defined here as first
run and second run. The first run experiment, car-
ried out to characterize the thermal properties of
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Table I Chemical Characterization of PUPA Samples

Chemical Composition of the Starting Mixture

Reaction Time of Titrated
PU HMDI N.LL the Second Step Nitrogens
Sample (2) (ml) (mol X 10%) () (mol X 10%) (h) (umol/cm?)
PUPA A 1.0 0.210 1.3 0.4 2.9 2 22402
PUPAB 1.0 0.105 0.66 0.2 1.4 2 —
PUPAC 1.0 0.280 1.7 0.53 3.8 2 1.8 £ 0.2
PUPAD 1.0 0.210 1.3 0.4 2.9 3 2.8 +0.2

the cast films, consisted in heating the sample (about
15 mg) from —100 to 300°C at a heating rate (HR)
of 20°C /min. The second run experiment was car-
ried out in order to investigate the influence of the
heating on the microphase separation of PUPA and
consisted in heating the sample from —100 to 200°C
at HR 20°C/min, then cooling to —100°C (cooling
rate 50°C/min) and finally the heat involved during
the scan from —100 to 200°C (at HR 20°C/min)
was registered and reported here.

Dynamic Mechanical Test

Dynamic mechanical data were collected at 1 Hz at
4°C /min heating rate from —100 up to 150°C under
a N; purge with DMTA-Polymer Laboratories con-
figured for automatic data acquisition. The glass
transition temperature (7,) was measured at the
maximum of the loss modulus peak.

ATR/FTIR Spectra

Attenuated total reflection Fourier transform in-
frared (ATR /FTIR) spectra of the sample were re-
corded on a Perkin-Elmer FTIR spectrometer
M1800 between 4000 and 750 cm™. A MCT detector
was used and the apparatus was purged with nitro-
gen. Typically 300 scans at a resolution of 2.0 cm™!
were averaged and the spectra were stored on a
magnetic disc. The frequency scale was internally
calibrated with a reference helium-neon laser to an
accuracy of 0.01 cm™}. A KRS-5 crystal at an angle
of 45° was used as the internal reflection element.
In order to improve the observability of the over-
lapping bands mathematical resolution enhance-
ment was performed by a spectral deconvolution
process which is like the Fourier self-deconvolution®
except that the mathematical operations are per-
formed in the spectral domain rather than in the
Fourier domain.’

Titration of the Nitrogen Atoms

The determination of the basic nitrogens of N;LL
in PUPA was performed by dipping samples of
known surface area in 10 mL of 1 M HCI for 1 h.
Samples then were washed with water and dried un-
der vacuum for 12 h. The samples were treated with
10 mL of 0.1 M NaOH for 1 h. Chloride ions in the
solution were finally determined by titrating with 5
X 10~% M mercury nitrate solution previously stan-
dardized against KCL.®

RESULTS AND DISCUSSION

Morphology and Structure

The microscopic analysis of the film surfaces of the
samples shows that the morphology depends on
composition and reaction time (Fig. 1). Looking
along the series from PU to PUPA C, the surfaces
of the films become smoother. However, the surfaces
of the samples PUPA B and C are not homogeneous.
In fact for the PUPA B the surface is generally
smoother than those of PU and PUPA A, but there
are present also regions with higher roughness (ca.
5% of total surface). In the PUPA C sample there
are also holes present (ca. 25 holes/mm?) probably
due to the rapid evaporation of some volatile ma-
terial still present in the sample. The effect of in-
creasing the reaction time (compare PUPA A and
D) results in a smoother surface for PUPA D but
characterized by a wave-like type morphology.
The wide angle x-ray patterns of PU, N,LL, and
PUPA films are shown in Figure 2. The patterns
indicate that PU and all the PUPA films are amor-
phous whereas the Ny,LL is semicrystalline. These
results indicate that the N,LL is not able to crys-
tallize during the synthesis process of PUPA.
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Figure 1 SEM micrographs of PUPA film’s surfaces.
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PUPA C PUPA D
Figure 2 X-ray patterns of PUPA films.



Thermal Properties

Differential scanning calorimetry (DSC) thermo-
grams relative to the first run scanning of PU and
PUPA samples are shown in Figure 3. The ther-
mograms present the same value of T,, —42 + 2°C,
for the PU and PUPA films, independent of com-
position. Also present on the thermograms in the
temperature range 80-150°C, are endotherm peaks
that can be ascribed to the dissolution of short-range
order of hard segments as proposed by Seymour and
Cooper.? The presence and the positions of these
endotherm peaks seem to be a function of the com-
position.

For the PU and PUPA samples the endotherm
peak relative to the well-ordered microcrystalline
phase of hard segments® is not observed in agree-
ment with the x-ray patterns.

The second run thermogram (Fig. 4) of the PU
sample presents a value of T, at about —20 = 2°C
(20 degrees higher than that of the first run) and a
small endotherm peak centered at about 150°C. The
increase of T, and the decrease of the short-range
order content, could be explained by assuming that
the thermal treatment undergone by the PU during
the previous heating, and cooling processes, could
have produced an increase of the percent of hard
segments dissolved in the soft segments phase.!®
This phenomenon, likely for molecules having a
discrete mobility in the melt phase and short length
of the hard segments, does not seem possible for
PUPA A, C, and D samples because of their content

-100 -S0 0 50 100 150 200 250 300
1 1 . 1 a1 e i

A

T(°c)
Figure 3 First run DSC thermograms of PUPA films.
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of cross-linking agent. In fact, the T, values of the
second run of these PUPA samples are very similar
(—40 = 2°C) to those observed on the first run ther-
mograms; moreover, no presence of any endotherm
peak is detectable. The sample PUPA B, having a
content of cross-linking agent lower than the other
PUPA samples, presents a T, value at about —30°C
and a small endotherm peak centered at about
150°C. These results indicate that it is still possible
for this material to have a certain dissolution of the
hard segments in the soft segments phase and some
formation of short-range order of hard segments.

Mechanical Dynamic Properties

The storage modulus (E’) and loss modulus (E") of
PU and PUPA films are plotted as a function of
temperature in Figures 5 and 6 respectively. The
PU film presents the lowest value of E’ with a glassy
plateau of up to —50°C, followed by the drop of E’
at the T, region. Not dissimilar to that of PU is the
behavior of E' relative to PUPA B. The curves rel-
ative to the films of PUPA A and D display almost
identical behavior with values of the E’ higher than
those of PU and PUPA B. This increase is accounted
for by the HMDI and N,LL content of the PUPA
A and D in the two films. The identical behavior of
PUPA A and D indicates that the two different re-
action times do not induce any difference in their
mechanical dynamic properties even if the surface
analysis reveals differences in the morphology. Fi-
nally, the curve of PUPA C shows that this film has
the highest value of the storage modulus at low tem-
perature. This behavior is related to fact that this
film has the highest content of HMDI and N,LL
and also the highest degree of crosslinking. Figure
6 shows the presence of only one peak in the E”
curve in the range of temperature investigated. The
position of the peak, approximately at —35°C, for
all the samples, indicates that the cast PUPA films
have the same T, in agreement with the DSC results
of the first run experiments.

CHEMICAL CHARACTERIZATION OF PUPA
SAMPLES

Table I summarizes the chemical composition of the
starting mixture, reaction time of the second step,
and the quantity of the basic nitrogens titratable on
the surfaces. The titration results are affected by
the swelling behavior of the material. In fact, the
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films swell in water and even more in acidic
solution and the degree of swelling is directly cor-
related to the amount of N,LL in the sample. Thus,
the fact that the sample PUPA B did not reveal any
titratable nitrogens does not mean that they are not
present in the material. Since the HMDI is present
in all the samples in large excess with respect to the
N,LL, with which it has to react in the first step,
we can suppose that in PUPA material the PU
chains are linked not only via the isocyanate-ter-
mined poly (amido-amine), but also by the HMDI
bridges. In fact, spectroscopic analysis of a sample
of PU containing only HMDI (PU-HMDI) shows
that the latter component is crosslinked to the PU
chains.

ATR/FTIR MEASUREMENTS

Attenuated total reflection Fourier transform in-
frared (ATR/FTIR) spectra of the four PUPA
samples are shown in Figure 7. Listed in Table II
are the main observed frequencies together with
their tentative assignments. The major differences

BIOMEDICAL APPLICATIONS OF PUPA 639

are shown in the 1750-1550 c¢cm™' wave number
range.

In the forthcoming discussion we analyze sepa-
rately the spectral regions associated with the dif-
ferent groups involved in hydrogen-bonding inter-
action labelled in Scheme 1.

N-—H Stretching [A]

Figure 8(a) shows the 3800-3000 cm™! region of
PUPA samples together with that of PU-HMDI.

A single more or less symmetric band is observed
near 3320 cm™! corresponding to the hydrogen-
bonded N—H stretching vibration.’? A free (not
hydrogen-bonded) N — H stretching band absorbing
near 3500 cm™! is present only as a shoulder in all
PUPA samples. This means that in PUPA material
all the N— H are largely involved in hydrogen bonds
as occurs in polyurethane.!?

Urethane C=0 Stretching [A]

The urethane C=—0 wavenumber range of PUPA
samples is shown in Figure 8 (b) together with those

) g T L T T T T T -]too
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c
d
20 I 20
0 AL 1 4 L I 1 i 1 o
4000 000 2000 ] 2000 1790 1800 1998 1000 e
on -4

Figure 7 ATR/FTIR spectra of: (a) PUPA A; (b) PUPA B; (c) PUPA C; (d) PUPA

D samples.
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Table I Main Frequencies Observed in the
Spectra of PUPA and Tentative of Assignment

Frequency
(cm™) Tentative Assignment
3485 sh N—H stretching (free)
3326 m N—H stretching (H-bonded)
2941 s CH, stretching (asym.)
2857 s CH,; stretching (sym.)
1730 s Urethane C==0 stretching (free)
1703 s Urethane C =0 stretching
(H bonded)
1647 sh Amide C=0 stretching (free)
1631 m Amide C=0 stretching (H bonded)
1615 m Urea C=0 + benzene C=C
stretching
1597 m Benzene C—=C stretching
1450 m CH; bending
1413 m Benzene C=—C stretching
1107 vs C—O0—C stretching

1076, 1062 s, m C—0—C + O0=C—O0 stretching

of PU and PU-HMDI. The peak height of H-bonded
urethane C — O stretching at 1703 cm ™! normalized
to that of C — C stretching of benzene at 1412 cm™!
decreases as follows: '

PU = PUPA B > (PU-HMDI) > PUPA A
= PUPAC=>PUPAD

suggesting the hypothesis that the formation of some
hydrogen bonds between the urethane N—H and
C=0 groups is hindered by the presence of
poly (amido-amine ) and hexamethylenediisocyanate
components in the polymer matrix (see also Urea
and Amide Carbonyl Stretching Region). This is
because the urea [B] and amide [C] C=0 groups
compete with the urethane [A] C=—=0 group to form
a primary interaction with the N—H group. The
trend observed can be well correlated to the chemical
composition of the sample starting mixture (see Ta-
ble 1) except for PUPA C, which contains the highest
amounts of N,LL and HMDI.

Ether Oxygen Stretching [D]

Investigation of the ether region (1300-1000 cm™!)
[Fig. 8(c)] gave no useful information on the hy-
drogen-bonding interaction involving the ether
group because of the complexities introduced by the
presence of the amide III bands.!*

Upon introduction of N,LL and HMDI we can
observe a decrease of the band intensity only at 1076

and 1062 cm™! (which are composite bands contain-
ing also the contribute of urethane and urea moi-
eties) with respect to that at 1107 cm™! due to the
C—0—C stretching.

Urea [B] and Amide [C] Carbonyl Stretching

Figure 8(d) shows the 1700-1550 cm™! wavenumber
range for the four PUPA samples together with those
of PU, PU-HMDI.

In the spectrum of polyurethane the two bands
at 1615 and 1597 cm™? are due to the C— C stretch-
ing of benzene.

Poly(amido-amine) by itself shows a strong band
at about 1650 cm™! due to the stretching of amide
C—0 group.?

In the spectrum of polyurethane as well as in
those of PUPA, the increase in band intensity at
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Figure 8(a) N-—H stretching region of (a) PU; (b)
PU-HMDI; (¢) PUPA A; (d) PUPA B; (e) PUPA C; (f)
PUPA D samples.
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Figure 8(b) Urethane C—=0 stretching region [A] of
(a) PU; (b) PU-HMDI; (c) PUPA A; (d) PUPA B; (e)
PUPA C; (f) PUPA D samples.

1615 cm ™' can be ascribed to the presence of urea
groups, since the urea [B] C=0 stretching ab-
sorption falls at the same frequency of benzene
C =C stretching. Spectra of PUPA samples show
two shoulders at about 1647 and 1631 ¢cm™!; the lat-
ter can be attributed to the amide C=0 group hy-
drogen bonded to the N—H group.

Both band heights at 1647 and 1631 ¢cm™! nor-
malized to that of C—C stretching of benzene at
1597 cm™! (see Table II1) decrease passing from
PUPA D to PUPA B as follows:

PUPAD > PUPA A =PUPAC>PUPAB

This is in accordance with the amount of titrated
aminic nitrogens found on the different PUPA sam-
ples (see Table I) and the trend observed for the
normalized peak heights of the H-bonded urethane
C =0 stretching bands in the different PUPAs.
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CONCLUSION

We have studied the effects of the chemical com-
position and reaction time on the morphology and
physical properties of a new biomedical polymer ca-
pable of complexing heparin.

Experiments using DSC indicate that the PU and
PUPA samples are amorphous and exhibit the same
values of T, at ca. —42 + 2°C independent of com-
position. Thermal treatment reveals that the PUPA
films have very low mobility in the melt phase com-
pared with the pure PU, this is because the cross-
linked structure of the PUPA hinders the dissolution
of hard segments in the soft segments phase. How-
ever, the phenomenon of the dissolution of hard
segments in the soft segments phase occur in the
plain PU.

Infrared data show that HMDI molecules cross-
link with PU chains hindering some hydrogen bonds
that normally occur in polyurethanes.

Due to the large excess of HMDI with respect to
N,LL in PUPA materials (see Table I) we can as-
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Figure 8(c) Ether oxygen stretching region [D] of: (a)
PU; (b) PU-HMDI; (¢) PUPA A; (d) PUPA B; (e) PUPA
C; (f) PUPA D samples.
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Table III Normalized Peak Height® for Urethane [A] and Amide [C] C=—0 Stretching

Amide C=0
Urethane C=0 Urethane C=0 Amide C=0 Amide C=0 (H-bonded)/
(free) (H-bonded) (free) (H-bonded) Amide C=0
Sample 1730 £ 0.002cm™ 1703 +0.002 cm™ 1647 + 0.002 cm™! 1631 + 0.002 cm™ (free)
PU 1.00 1.55 — — —
PUPA A 1.00 1.20 0.40 0.50 1.25
PUPA B 1.00 1.50 0.20 0.25 1.25
PUPAC 1.00 1.20 0.40 0.50 1.25
PUPAD 1.00 1.10 0.45 0.70 1.60
PU-HMDI 1.00 1.42 — — —

* The normalization is performed by rationing the peak of urethane [A] and amide [C] C=0 stretching to those of benzene C—C
stretching at 1412 and 1597 cm™, respectively, then the absorbance of free urethane C==0 is normalized to 1.00.

sume that several HMDI bridges are formed among
PU chains and the N,LL chains accommodate in
an already crosslinked structure.
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Figure 8(d) Urea[B]and Amide [C] C=0 stretching
region of (a) PU; (b) PU-HMDI; (¢c) PUPA A; (d) PUPA
B; (e) PUPA C; (f) PUPA D samples.

The disposition of these chains within the cross-
linked matrix is such that other hydrogen bonds are
formed between the basic polymer and polyurethane.
The increase of the amount of N,LL in the sample
is reflected by an increase of both H-bonded and
free amide C —0 bands intensity of N,L.L, whereas
the ratio between them remains unchanged (Sam-
ples A, B, C,). This means that the number of H
bonds that the No,LL forms with PU chains is in-
dependent of composition. In other words, all N,LL
chains seem to assume the same orientation with
respect to those of PU in the network.

The increase in the reaction time between poly-
urethane and the prepolymer (Sample D) may lead
to a different network which allows the N,LL chains
to form a greater number of hydrogen bonds with
polyurethane. This is reflected in an increased ratio
between the “H-bonded” and “free” amide C—0
bands intensity of NoLL.

Finally, the morphology analysis found that the
surfaces become smoother with increasing content
of HMDI and N,LL.

This work was supported partly by “P.F. Chimica Fine-
Sottoprogetto Chimica e Tecnologia dei Polimeri” of
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REFERENCES

1. M. D. Lelah and S. L. Cooper, Polyurethanes in Med-
icine, CRC Press, Boca Raton, FL 1986.
2. R. Barbucci, M. Benvenuti, G. Casini, P. Ferruti, and
M. Nocentini, Makromol. Chem., 186, 2291 (1985).
3. R. Barbucci, M. Benvenuti, G. Dal Maso, M. Nocen-
tini, F. Tempesti, M. Losi, and R. Russo, Biomaterials,
10, 299 (1989).
. F. Danusso and P. Ferruti, Polymer, 11, 88 (1970).
. P. Ferruti, D. Amaldi, M. A. Marchisio, E. Martuscelli,

[0



©

10

M. Palma, F. Riva, and L. Provenzale, J. Polym. Sci.,
Polym. Chem. Ed., 15, 2155 (1977).

. J. K. Kauppimen, D. J. Moffat, H. H. Mantsch, and
D. G. Cameron, Appl. Spectrosc., 35, 271 (1981).

. Perkin-Elmer Corporation, Instructions Infrared Data
System (CDS-3 Application Program), 1985.

. E. F. Clarke, Anal. Chem., 22, 553 (1950).

. R. W. Seymour and S. L. Cooper, Macromolecules, 6,
48 (1973).

. C. B. Wang and S. L. Cooper, Macromolecules, 16,
775 (1983).

BIOMEDICAL APPLICATIONS OF PUPA 643

11. R. Barbucci, M. Casolaro, A. Magnani, and C. Ron-
colini, Polymer 32, 897 (1991).

12. M. M. Coleman, K. Ho Lee, D. J. Skrovanek, and
P. C. Painter, Macromolecules, 18, 32 (1985).

13. M. M. Coleman, D. J. Skrovanek, J. Hu, and P. C.
Painter, Macromolecules, 21, 59 (1988).

14. Chong Sook Paik Sung and N. S. Schneider, Macro-
molecules, 8, 68 (1975).

Received July 23, 1991
Accepted March 6, 1992



