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Figure 2. log-log plot of reduced topological second virial
coefficient, A,° vs. n. Numbers attached to curves represent yv'/2,
Open circles are experimental data of Roovers and Toporowski
for polystyrene in cyclohexane at 35 °C;! they are fitted to the
theoretical curve for 7»'/2 = 0.012.

Results and Discussion. It is convenient to introduce
a reduced second virial coefficient, 4,° = (2MY/2M 3%/
N,b%A,°, which is a function of n and ¥»'/2 alone; here
M, is the molecular weight of the repeat units. Calculation
of A,® is done in almost the same way as in TDFRP-I: A,°
is defined by eq 1, and Py(w), G', and G" are given by eq
4.19b.1, 4.9.1, 4.10a,1, and 4.10b.I; the only difference is in
the calculation of the contact probabilities for submolec-
ules, P(0y|w) and P(0;;]0p,w) which is done by using exact
expressions for finite n instead of using the approximate
eq 4.7a.] and 4.7b.I (which are exact only for n — =),
Results of calculation® are shown in Figure 2, in which log
A,® is plotted against log n for various 7»'/2. In plotting
experimental data in Figure 2, the ordinate (log A4,°) is
determined uniquely but the abscissa (log n) is uncertain
by an amount log ». The Roovers—Toporowski data for PS
agree well with theoretical curves for 0.008 < 7»/2 < 0.020
(b = 0.72; nm is assumed). This leads t0 3.72 < v < 23.4
and ¥ = 0.0041,. As an example, data for v = 8.51 are
shown in Figure 2 by open circles, which are in good
agreement with a theoretical curve for ¥»1/2 = 0.012. It
is important here that (1) the same ¥ (=0.0041) is obtained
for 3.72 < v < 23.4 (2) conditions (4) are roughtly satisfied
by this ». It is interesting to compare this result with that
of the 6-choice SCLMP,? of which bond vectors are in
effect connected by free joints and which may therefore
be considered as a standard model polymer: comparison
of ¥ of these polymers shows that one free jointed bond
(of the 6-choice SCLMP) corresponds to 3.45 (=(0.0495/
0.0041,)'/%) repeat units of PS, a results which seems
reasonable considering that bond angles are fixed and
bulky side groups are attached to the main chain of PS.
In rubber-elasticity, typical polymers are not PS but po-
lyisoprene, polybutadiene, or poly(dimethylsiloxane), but
their ¥ are not known at present because there are no data
for their A,°. Ring poly(dimethylsiloxane) has been al-
ready synthesized and A, has been measured in good
solvents but, unfortunately, A,° has not.!? It is expected
that A,° of many other polymers will be measured in the
future.

Registry No. PS (homopolymer), 9003-53-6.
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Phase Separation in Polyurethanes—A Deuterium
NMR Study

Although numerous models have been set forth con-
cerning the morphological microdomain structure for po-
lyurethanes,! there is at present no consensus in this
matter. Bonart et al.,>® on the basis of wide-angle X-ray
scattering (WAXS) and small-angle X-ray scattering
(SAXS) experiments, have proposed hard segment packing
models in which the hard segments assume fully extended
configurations within lamellar or sheetlike domains, This
model is represented schematically in Figure 1a. Subse-
quent WAXS studies by Blackwell et al.® supported this
model.

However, recent results by Van Bogart et al.” and Ko-
berstein and Stein® are inconsistent with an extended se-
quence model. Using SAXS, both groups of investigators
find that the hard segment chains must be present in either
coiled or perhaps folded configurations. Koberstein and
Stein developed a new model based on these results.? In
this model, the hard segment domain thickness is governed
predominantly by the shortest hard segment sequence
length that is insoluble in the soft segment phase. Se-
quences longer than this critical length adopt coiled con-
figurations to reenter the hard segment domain and fill
space efficiently. Further detailed SAXS experiments on
a series of polyurethanes of varying hard segment content
support this model.! The Koberstein—Stein model is
represented schematically in Figure 1b.

In this communication we present data that further
define the nature of phase separation and hard-segment
phase mixing in polyurethanes. In particular, our results
address the following questions: (1) What fraction of the
hard segment has motional characteristics identical to the
pure hard segment material? (2) How does this fraction
change as a function of the weight percent of hard com-
ponent? and (3) How do the deuterium NMR data com-
pare with the results of SAXS?

We have shown previously that solid-state deuterium
NMR spectroscopy® 2 is an exceptionally powerful tool for
addressing the molecular details of phase separation in
segmented copolyesters.!>1* Deuterium NMR discrimi-
nates on the basis of molecular motion between those hard
segments that are identical with the pure hard segment
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Figure 1. Schematic representation of (a) the extended hard
segment configuration model, and (b) the Koberstein-Stein
model.? The bars represent the MDI units.

material and those that are “dissolved” in the soft segment
phase. Here we apply solid-state quadrupole echo deu-
terium NMR spectroscopy to the specifically labeled po-
Iyurethanes containing 100, 70, 60, and 50 % hard segment.
The polymers were prepared in solution by standard
techniques!®1® and contain hard and soft blocks repre-
sented schematically as follows:

OH H O |o H H ?t
ol [ [ |
C-N+O)-CHz~<O)-N-C -0 + CHyCD,CD,CH0 + C-N <O CHy<O)-N-C -0~
Yy
HARD SEGMENT

+ CHy- CH2-0~>—E CH{CHz ) CHp=0 -H-CHp-CHp-0 +
2272 }£ 23/

SOFT SEGMENT

Because the polymers are labeled specifically at the bu-
tanediol moiety of the hard segment, the deuterium NMR
spectra reflect the motional environment of this group
only, and do not contain contributions from the 4,4’
methylenebis(phenyl isocyanate) (MDI) or the soft seg-
ment polyol residues.

The deuterium NMR spectra!® for these four samples
are shown in Figure 2. The middle column (Figure 2d—f)
shows the spectrum obtained at 22 °C of the all-hard
segment material at different vertical scales. This spec-
trum, although ca. 120 kHz in breadth, is clearly not that
of a Pake doublet.?® Instead, it is reminiscent of the
spectra observed for similarly labeled poly(butylene tere-
phthalate), in which gauche~trans conformational jumps
occur at an intermediate rate on the NMR time scale.?°
Spin-lattice relaxation experiments show that the T, of
this component is ca. 20 ms. Experiments performed with
very long recycle delays indicate that more than 90% of
the sample contributes signal intensity to this spectrum.
Temperature-dependent experiments are under way to
further define the exact details of the molecular motion
of the butanediol group in this material.

The spectra shown in Figure 2a—c correspond to the
polyurethane samples containing 70, 60, and 50 wt % hard
segments, respectively. In addition to the broad, 120 kHz
pattern, these spectra also show a sharp line. That the
spectra shown in Figure 2a—c are composed of two com-
ponents can be shown from inversion-recovery spectra, in
which the broad and the sharp components are observed
to invert at different delay times. (Detailed solid- and
solution-state relaxation experiments are under way and
will be reported later.) The broad component is attributed
to those hard segments that reflect molecular motion which
is identical with that of the all-hard segment material.
These hard segments would constitute the core of the hard
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Figure 2. Solid-state quadrupole echo deuterium NMR spectra
of hard segment labeled polyurethanes obtained at 22 °C and 55.26
MHz. Spectrum (a) 70, (b) 60, and (c) 50 wt % hard segment.
Spectra d—f are of the all-hard segment material reported at
different vertical gains. Spectra g-i were obtained by subtracting
an appropriate amount of the symmetrized spectra in the center
column from those in the left column. All spectra were obtained
with a 2-s recycle delay.

segment-rich microdomains. The sharp component indi-
cates the occurrence of molecular motions that are nearly
isotropic in nature and may be associated with hard seg-
ments residing in a more mobile environment. Such in-
creased mobility would be expected for hard segment se-
quences that are short enough to dissolve in the soft seg-
ment-rich microdomains but may also be found for hard
segments that reside in the diffuse boundary region be-
tween the hard and soft segment microdomains.

The difference spectra shown in Figure 2g-i were ob-
tained by subtracting the spectra in Figure 2d—f from those
in Figure 2a—c. It is interesting to note that the line widths
of these sharp components are identical; i.e., they are not
a function of the hard segment content of the polymer.
The fraction of sharp component can be estimated by
appropriate integration of these spectra.”® These fractions
are listed in Table I and can be compared to SAXS esti-
mates?” of dissolved hard segment content.

The SAXS estimates are determined by assuming that
all hard segment sequences of length equal to or less than
a critical length, N, are dissolved in the soft segment
phase. The critical segment length is determined from the
experimental value of the hard segment domain thickness
Tys (see Table I). For the samples examined this length
is equivalent to a hard segment containing approximately
three MDI and two butanediol residues (i.e., N, ~ 3). The
weight fraction of butanediol residues that are dissolved
in the soft segment phase, wp, is then given by

N,
Ef;(i -1)
“="F T

where f; is the number fraction of sequences containing (i
- 1) butanediol residues calculated from Peebles’ distri-
bution function,? and N, is the number average of MDI
residues per hard segment sequence. The values of wp
calculated in this fashion (Table I) are much smaller than
the weight fraction of isotropic component estimated from
the NMR measurements.

The weight fraction of butanediol residues residing in
the interfacial gradient, w;, may also be determined from
the SAXS results. If E is the width of a linear diffuse
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Table I
Butanediol Hard Segment Component

overall hard % butanediol % sharp
wt % domain interphase % dissolved in interfacial % dissolved and butanediol
hard thickness width butanediol hard segment interfacial component
segment Tys, nm E, nm wp X 100% wr X 100% butanediol by NMR
70 7.7 1.1 2.1 13.5 15.6 14
60 7.3 1.1 4.0 14.4 18.4 20
50 6.1 1.1 7.8 15.9 23.7 50

boundary gradient between microdomains,b% it is easily
shown that w; = (R/Tys)(1 — wp). Values for this quantity
as well as for the weight percent of total dissolved and
interfacial hard segment are presented in Table I. The
total weight fractions of dissolved and interfacial hard
segment estimated by the SAXS analyses are in good
agreement with the NMR weight percents of isotropic
component except for the sample containing 50 wt % hard
segments, for which the NMR value is much higher. This
discrepancy may arise from differences in the synthesis
and molding procedures adopted for the NMR and SAXS
samples.!>?” SAXS experiments on the labeled NMR
samples are currently in progress. It is apparent that hard
segments residing in both the soft segment phase and
within the interfacial gradient contribute to the sharp
component observed in the NMR spectra. The NMR
results provide support to, but do not prove, the validity
of the Koberstein—Stein model.

The solid-state deuterium NMR results show that this
interfacial area has very nearly isotropic motion on a 107
s! time scale. Such rapid, nearly isotropic motions are
observed in flexible polymers such cis-polybutadiene and
poly(dimethylsiloxanes). The rapid, nearly isotropic
motions observed for these butanediol residues suggest that
there are few long-lived interurethane hydrogen-bonding
interactions in this interfacial area.

It is appropriate to compare the quadrupole echo deu-
terium NMR results reported here with other NMR re-
sults.32-38  Although they have not been performed on
identical polyurethanes, the overall conclusions are rele-
vant to the system at hand.

Using broadline proton NMR, Assink®?3® finds two
components. One decays rapidly and is attributed to the
MDI hard segments, whereas the other decays more slowly
and is assigned to the polyester soft segments. With proton
spin diffusion as an experimental probe, Assink and
Wilkes®3% evaluated phase mixing in a series of MDI-
polyester polyurethanes. Their data require the presence
of both short- and long-range degrees of mixing. The
short-range mixing is attributed to distances involving
several molecular diameters, whereas the long-range mixing
is attributed to chain entanglement effects. Their results
point to a fair fraction of interfacial material.

The deuterium NMR experiments reported in this work
substantiate and expand on the results of Assink and
Wilkes. Because only the hard segment is labeled in the
present case, all ambiquities concerning the source of the
signal (i.e., hard or soft segments) are removed. Fur-
thermore, deuterium NMR spectra are dominated by
quadrupolar relaxation, and spin diffusion is not a factor
in interpreting the data. Most importantly, the material
comprising the interfacial area can now be directly exam-
ined and quantified by NMR measurements.

The results reported in this communication show that
the solid-state deuterium NMR experiment holds much
promise for providing rich and detailed information con-
cerning microphase separation in polyurethanes and other
phase-separated polymers. Multiple experiments along the
lines described here are in progress and will be described
at a later date.
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Characterization of Heterogeneous Polymer
Blends by Two-Dimensional Proton Spin
Diffusion Spectroscopy

Techniques providing information on disorder in solids
are of particular importance for the study of synthetic
polymers and of biopolymers. The physical properties of
polymer blends depend to a large extent on miscibility and
on the resulting heterogeneous structure,”® which often
results in new interesting mechanical properties of the
blends. Disorder has been studied by traditional tech-
niques such as diffraction methods,*® thermal analysis,’
and electron microscopy.’® It has also been recognized that
spin diffusion in nuclear magnetic resonance can provide
information on heterogeneity of polymers.!'"1® Spin dif-
fusion is induced by the dipolar interaction of nuclear spins
and leads to a transfer of magnetization between neigh-
boring spins. Because of the 1/r,5 distance dependence
of the spin diffusion rate,'® magnetization transfer is re-
stricted to close neighborhood and delivers information on
the spatial proximity of different molecules in a solid.

It is well-known that spin diffusion is of central im-
portance for relaxation in solids by providing relaxation
pathways via efficient relaxation centers like paramagnetic
inpurities'®? and rotating methy! groups.!'-* Polymeric
systems are frequently heterogeneous either with respect
to local order (e.g., crystalline and amorphous domains),
leading to different mobility of the polymeric chains, or
with respect to chemical composition in polymer blends.
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Figure 1. Pulse sequence for 2D proton spin diffusion spec-
troscopy with magic angle sample spinning. P, preparation by
a /2 pulse; E, evolution for time ¢; under MREV-8 multiple-pulse
decoupling; M, spin diffusion during mixing time r; D, detection
in the presence of MREV-8 multiple-pulse decoupling.

In heterogeneous systems, spin diffusion between com-
ponents in different domains is strongly dependent on
domain size, and the measurement of cross-relaxation
between different domains provides insight into the do-
main structure of polymers.!3-1%

In the case that the domains differ in mobility and
correspondingly in their transverse relaxation rates, the
spin diffusion rate between domains can be measured by
the Goldman—Shen experiment?! or by modified versions
of it, including multiple-pulse line-narrowing sequences,?2
A more direct approach is possible if the resonance lines
of the various components in the domains are spectrally
resolved. Then selective polarization transfer experiments
can be applied for the measurement of the spin diffusion
rate. This is particularly easy for heteronuclear spin
systems such as 'H and ®F%-3 or for nuclear species with
large chemical shift ranges such as 1*C. In the latter case,
however, isotopic enrichment is necessary to render spin
diffusion measurable? unless the system has exceptionally
slow spin-lattice relaxation so that the spin memory is
preserved for a sufficiently long time.?%%® For practical
measurements the techniques of two-dimensional (2D)
spectroscopy®®3! are predestinate. They permit high
spectral selectivity and the simultaneous exploration of all
cross-relaxation pathways.

In this communication we propose the usage of proton
spin diffusion in a two-dimensional (2D) spectroscopy
experiment for the study of heterogeneity. Because of the
larger gyromagnetic ratio and because of the higher natural
abundance, proton spin diffusion is faster than carbon-13
spin diffusion by orders of magnitude. Typical time con-
stants are 100 us to 10 ms. Even for very short spin-lattice
relaxation times, spin diffusion among protons can easily
be observed.

A handicap of protons in this application is their small
chemical shift range paired with very strong homonuclear
dipolar interactions which entirely mask the different
chemical shifts. It turns out, however, that by a combi-
nation of homonuclear multiple-pulse decoupling and
magic angle sample spinning a sufficient resolution can be
attained to resolve the relevant chemical shifts in many
systems of practical interest.32-%

The experimental technique is an extension of the
well-known two-dimensional (2D) exchange experiment.3%3!
The pulse scheme is shown in Figure 1. After preparation
of transverse magnetization by a 7/2 pulse, the precession
in the presence of multiple-pulse decouping labels the
magnetization components by their isotropic chemical
shifts. A further 7/2 pulse restores longitudinal magne-
tization which may diffuse in the following mixing time
of length 7,. A third /2 pulse is used to monitor the
diffusion process. The precessing magnetization, again in
the presence of a multiple-pulse sequence, is finally de-
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